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ADSORPTION 


By ALEXANDER KING, M.Sc., A.R.C.S., D.I.C. 
Imperial College of Science and Technology 


The phenomenon of adsorption was first remarked by 
Scheele m 1773 and received the attention of most of the 
masters of chemical science of the time At the beginmng 
of the nineteenth century de Saussure carried out a quanti* 
tative investigation which established the fact that all 
porous substances such as wood, charcoal, asbestos, meer- 
shaum, &c , take up various gases, heat bemg evolved m the 
process Adsorption was defined as the concentration or 
retention of substances at surfaces The decolorizmg and 
deodonzmg properties of charcoal were early applied in 
industry while knowledge of adsoiption was in a still very 
rudimentary state At present adsorption is receiving very 
intensive study, some 3,000 papers on the subject havmg 
appeared dunng the last decade 

Adsorption is a universal phenomenon occurring at 
every sohd and hquid surface, its extent depends on surface 
area and is, therefore, small on hquids and crystalline solids, 
where its influence is not usually of primary importance 
Adsorption may take place by many different types of 
mechanism, no one theory being capable of explaining 
all the difierent mamfestations of the phenomenon 

Sorption has been proposed as a general term to cover 
the vanous processes by means of which molecules may 
be removed from a gas or a liquid by a surface, especially 
if the nature of the process is not specified When a gas 
IS put mto contact with an adsorbent such as charcoal 
there is a rapid decrease in the volume or pressure of the 
gas, which IS completed withm a few seconds , this is usually 
a physical process since it can be carried out with the mert 
gases, and consists m the condensation or adsorption of 
mole^es on the surface of the adsorbent After this rapid 
mtake of gas by the solid, there is a slow sorption of gas 
which may continue for long penods and is due to diffusion 
of the molecules along cracks or capillaries, or to eAsorption 
or sohd solution m the intenor of the adsorbent The 
imtial fixation may also be chemical in nature and lead to 
the formation of a surface compound, m which case it is 
known as chemisorption It has long been realized that 
adsorption and catalysis are intimately related, hence many 
adsorbent surfaces are efficient catalysts, the adsorption 
cum catalytic effect of many surfaces is effective in mdus- 
tnal purification processes 

Hie Liquid Surface 

In the intenor of a liquid or solid, each molecule or ion is, 
on the average, symmetncally surrounded by other mole- 
cules, and there is thus no residual attraction m any parU- 
cular direction If the surface layer only is considered 
difierent conditions are found to prevail, each surface 
molecule or ion is attracted mwards and to each side by its 
neighbours, but there is no compensating outward force to 
balance the mward pull, and so every surface possesses a 
strong inward attracbon perpendicular to the surface In 
hquids, adiere there is complete molecular mobihty, this 
force tends to reduce the surface and gives rue to all the 
forces associated with surface tension The surface of a 
hquid is thus a scat of energy, and work must be done if its 
area u to be extended 


The surface energy of any system will tend to reduce to a 
mimmum, if, therefore, a substance is dissolved in a 
liquid, the molecules of solute and solvent will distnbute 
ttemselves in such a manner that the surface tension u as 
low as possible Now if solvent molecules attract one 
another less strongly than they do solute molecules, the 
presence of the latter at the surface will increase the surface 
tension and, owmg to the mobility of the system solute, 
will tend to be pulled mto the liquid and accumulate m it 
away from the surface If, on the other hand, solute mole- 
cules have smaller fields of forces than solvent molecules, 
they will be subjected to a smaller inward attraction from 
the surface, and will thus tend to accumulate there with a 
resultant lowenng of the surface tension In other words, 
a dissolved substance will be adsorbed at the surface of a 
liquid if It can thereby bring about a lowermg of the surface 
tension, if it raises the surface tension the solute will collect 
m the bulk of the hquid away from the surface layer — 
will be negatively adsorbed This fundamental relation- 
ship IS expressed quantitaUvely by the Gibbs equation 


where U is the excess of substance at the mterface, C its 
concentrauon m the volume of liquid, a the surface tension, 
R the gas constant, and T the absolute temperature 

Generally, mmute concentrations of suitable matenals 
are sufficient to brmg about a finite reduction m surface 
tension, this bemg easily understood when it is realized that 
a unimolecular layer adsorbed at the surface is sufficient to 
brmg It about 

The concept of the ummolecular layer is fundamental in 
all adsorption studies The reality of monomolecular films 
on liquid and solid surfaces has been demonstrated by 
opbcal, thermal, electrical, and chemical methods Especi- 
ally mterestingm this connexion is the work of N K Adam 
and others [1] on films of organic materials, which has 
yielded evidence of the state as well of the existence of 
unimolecular films It appears that the molecules of the 
ummolecular layer are always orientated m the same direc- 
tion, thus with a good aqueous surface tension depressor 
such as soap, it is found that the molecules are arranged 
with their mam carbon atom axes perpendicular to the 
surface, the polar end of the molecule bemg submerged and 
the hydrocarbon cham projectmg out of the water It is 
notic^ that the groups which tend to pull molecules into 
the water are normally those which confer solubility to 
organic compounds Monomolecular films on hquids may 
exist m difierent physical states, correspondmg to the solid, 
hquid, or gaseous states of ordinary three-dunensional 
physics, there bemg definite energies of transformation 
between the states There is evidence that ummolecular 
films on solids are also orientated 

The Solid Surface 

The properties of the sohd surface, although governed 
essentially by the same factors, are profoundly modified by 
the rigidity of the surface atoms, which jnevents the mau« 
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festation of surface-tension effects The surface energy of 
a solid, however, also strives to reduce itself and this is 
accompanied just as m the case of hquids, by adsorpuon 
The study of energy relationships at the solid interface is 
difiknilt owing to the enormous complexity of the surface, 
which in the case of highly porous substances such as char- 
coal may be so great that no two adjacent atoms possess the 
same energy Unfortunately the large proportion of the 
work on adsorption has been carried out with complex 
commercial adsorbents of this type which can fix large and 
thus easily measurable amounts of material Owing to 
surface complexity such results are seldom of use m dis- 
covering the mechanisms of the processes involved and 
indeed it is almost impossible to obtain reproducible results , 
probably no two samples of charcoal surfaces with proper- 
ties quantitatively and qualitatively identical have ever 
been prepared Information of more theoncal importance 
IS obtained from studies of adsorption on the surfaces of 
metals and polar crystals 

Surface energy is reduced by adsorpUon a system such 
as that represented in Fig 1, for example, must possess 



interior of 
metit 
Fig I 


at Its surface, strong cohesional forces similar to those 
which hold the metal together in the interior of the lattice 
Such forces are chemical in nature and suggest that surface 
energy would be reduced by combmation of the surface 
atoms with some readily accessible gas with which the metal 
IS normally capable of reactmg, and it is, m practice, very 
difficult to free many surfaces from oxygen Initial proof 
of the existence of surface compounds— ummolecular 
chemisorbed layers — came from Langmuir’s work [11, 
1913-16], on the tungsten filament At low pressures a 
ummolecular film of oxygen was adsorbed on the metal, 
which was stable even at 2,000° The presence of this film 
could be demonstrated by its effect m lowermg the electron 
emission of the filament, m inhibiting the dissociation of 
hydrogen, and m combimng with further amounts of oxygen 
to form the normal oxide which remained as a visible layer 
on the surface below 1,000° C yet distilled off at hi^er 
temperatures These and other properties could only be 
explained by assuming that the oxygen in the form of 
atoms was bound to the surface by ordinary cheimcal 
forces as is represented in Fig 2 
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When carbon monoxide is allowed to react with a 
tungsten filament at low temperatures, a ummolecular 
layer is chemiodiy attracted, presumably with the forma- 
tioo of a surface carbonyl as mdicated m Fig 3 On 
Aising the temperature, IV => C == O, distils off showing 
that the chetntcal linkage between the carbon monoxide 


and the metal is stronger than that which 1 
atoms of tungsten together 
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In a similar manner many other surfaces may be covered 
with ununolecular layers of chemically held atoms or radi- 
cals, that of carbon, for example, bemg normally covered 
by an oxide film At low temperatures charcoal adsorbs 
oxygen by physical forces and on evacuating the adsorbent 
the gas can be recovered m the elementary condition At 
higher temperatures the oxygen becomes chemically 
attached and cannot be recovered by lowering the pressure, 
on heaUng the charcoal the oxygen is finally obtained but 
in the form of oxides of carbon [17, 1912, 18, 1929] Sur- 
face compounds are of special significance m the study of 
specific adsorption and catalysis at surfaces 
Surface energy can be reduced by retenuon of molecules 
by physical as well as by cheimcal forces, true <u&orption 
bemg a more wideqiread phenomenon than its chemical 
counterpart Physical adsorption is due to the same 
cohesional force that causes, for example, the liquefication 
of the mert gases and is, therefore, often referred to as van 
der Waals adsorption While chemisorption is an irrever- 
sible process, physical adsorption is reversible 
Van der Waals forces are little affected by the presence of 
other molecules, thus the first layer of adrorbed molecules 
will thus still have van der Waids forces emanating from 
them and should be able to adsorb further layers of ad- 
sorbate Such forces, however, only become appreciable at 
pressures near the saturated vapour pressure, smee thqy are 
of the same order as those operabng between the molecules 
of a gas, m which condensation can only take place when 
the concentration is sufficiently high 
It has long been known that the vapour pressure above 
the meniscus of a liquid m a narrow capillary is lower than 
that of the free bquid at the same temperature, m other 
words, a vapour will condense at a lower pressure in a 
porous solid composed of minute capillaries than it would 
at a plane surface, a fact which is obviously connected with 
the phenomenon of adsorption Assummg that the typical 
adsorbent consists of an mert ngid aggregate of cylmdrical 
micropores in which the adsorbate is held m the form of 
liqmd with a concave meniscus, then the pressure (p') above 
the meniscus is less than that (p) above a plane surface at 
the same temperature The quantitative relationship is 
given by the Kelvin equation 


10fc^' = 


2w 

RTr^ 


where v is the volume of the hqutd, a its surface tension, and 
r the radius of the capillary Thus if a vapour below its 
cntical temperature is brou^t mto contact with the porous 
adsorbent, it should condense as a liqmd m all pores which 
have a radius smaller than that calculated for tlw particular 
value of p from the above equation Assuming this capil- 
lary condensation mechanism to be operative, it is possible 
by combination of the adsorpuon isotherm with the Kdvm 
equaUon to obtam a structural analysis of the adsorboit. 
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Attempts have been made to apply capillary condensa- 
tion as a general theory of adsorpuon, but m illustration of 
the ar guments against this may be mentioned the fact that 
the magmtude of pore radii, as calculated above, is often of 
the same order or even less than that of the adsorbed mole- 
cules and also that there is little difference m the adsorption 
of a gas above and below its critical temperature From the 
great mass of available data on the adsorption of vapours 
by porous adsorbents we may conclude that capillary con- 
densation must imdoubtedly occur and is probably the 
most important factor when the pressure of the vapour is 
approaching saturation, for gases above their critical 
temperature and for vapours at low relative pressures it is 
certainly moperative 

It IS a well-known fact that the amount of substance 
adsorbed at a given pressure decreases with rise in tempera- 
ture as must be the case since the heat of adsorption is 



always positive A typical isobar is represented by Fig 4, 
curve A A few systems have recently been mvestigated 
[S, 1930, 13, 1932], in which the isobar has the anomalous 
shape of Fig 4 B and C), mdicating that adsorption is 
actually mcreasmg with temperature on one part of the 
curve In these instances it is mvanably found that the 
time required for equihbnum is short on the low tempera- 
ture part of the curve and much longer on the higher tem- 
perature part It thus seems as if two processes, a fast one 
and a slow, are taking place side by side at the higher 
temperature In some cases it is possible actually to esti- 
mate the quantities taken up m each way Ihe heat of 
adsoiption m the low temperature range mdicates a normal 


van der Waals adsorption, while that for the higher tem- 
peratures IS of a hi^er order Further, the slow, high 
temperature process possesses a temperature coeflUcient, so 
that from the velocity coefficients at two temperatures an 
energy of activation can be calculated In ordn to explain 
these facts Taylor [20, 1931] postulates a further type of 
adsorption which he terms Activated adsorption, which will 
proceed at an immeasurably slow rate at low temperatures, 
but which, on raismg the temperature, ultunately becomes 
very fast In the actual isobar, curve B represents the van 
der Waals adsorption while C shows that of the acUvated 
adsorption which m the dotted region before the pomt of 
inflection X of the experimental curve is immeasurably 
slow As might be predicted, an enhanced equilibrium 
value at a given low temperature can be obtained by 
allowmg the system to attam equilibrium at a high tempera- 
ture and then coohng down In activated adsorption the 
adhesion forces are probably chemical in nature, the pro- 
cess consisting in the conversion of a unimolecular layer 
of physically held molecules to the chemisorbed condition 
It should be noted here that many of the expenmental facts 
of activated adsorption can be mterpietated by other 
means, viz displacement of impurities from the surface 
[3, 1932] and diffusion into the interior [22, 1931] 

In concluding this section, mention should be made of a 
process of electroadsorption, which is effective in the many 
purification processes in which the impurities are particles 
of colloidal dimensions Silica gel which is negatively 
charged will remove positive colloidal particles, whereas 
positively charged adsorbents such as alumina will remove 
the more common negative colloids All commercial 
adsorbents are charged colloids of the solid foam type and 
preapitate, in the normal way, particles charged in the 
opposite sense, the coagulated impurities being retamed 
withm the pores This important process is thus to be 
regarded as an example of mutual precipitation of colloids 
rather than of true adsorption 

The Adsorption Isotherm 

For most practical purposes it is necessary to express the 
relationship between the weight (x) of substance adsorbed 
by a given weight (m) of adsorbent and the concentration 
(or m the case of a gas, the pressure) of adsorbate (p) This 



or Its graphical representation at a given temperature is 
known as the adsorption isotherm As adsorption can be 
regarded as the distribution of a substance between two 
phases, it might be supposed that the amount adsorbed 
per umt weight of adsorbmt would be directly proportional 
to the equilibrium concentration in analogous manner to 
the Henry’s law relationship for the solubihty of gases m 
liquids As a result of numerous mvestigations it may be 
stated that, while at low pressures or concentrations this is 
generally the case, deviations become considerable as soon 
as medium concentrations are reached, the amount ad- 
sorbed at a given concentration being mudi less than it 
would be if Henry’s law were still vahd That the adsorp- 
tion isotherm is, as a rule, concave to the luessure axis u 
shown m Fig S, where a number of isotherms for systems 
of widely different type are represented. 

The first attempt at a quantitative formulation of adsorp- 
tion led to the employment of the empirwal rdation^p 
known as the Freundheh isothom. 
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k and n are constants for a given system at a given tempera- 
ture and have no physical significance This equation doM 
not reduce, at low values of x and p, to the Henry’s law 
relationship charactenstic of adsorption at low pressures, 



Fic S Some typical adsorption isotherms on charcoal A Water, 
B Toluene, C Benzoic acid (in water), D Nitrogen at 0° C, 
h Krypton at 0° C Curve B is the most typical 


but It does hold fairly well over restricted pressure ranges 
and for systems of widely different character On plotting 
log X against log p, a curve, rectilinear over small distances 
but nearly always slightly concave to the log p axis is 
obtamed Owing to its versatility the Freundhch isotherm 
offers a useful and widely used method of expressing and 
comparing adsorption results As a means of elucidating 
the mechanism of the adsorption process it is useless owing 
to Its empirical nature and consequently numerous other 
attempts have been made to devise an equation based on 
theoretical considerations Langmuir, assuming that ad- 
sorption results in the formation of unimolecular surface 
films, and regarding the process as being essentially kineuc 
in nature, amves at the expression 
X _ abp 
m 1 +ap 

for adsorption at a homogeneous, plane surface [12, 1915- 
18] It will be noticed that this equation reduces to the 
Henry’s law relationship for low values of p, while for 
high pressures x/m - 6 = a constant, the adsorption 
tenduig to a maximum, saturation value 
The Langmuir equaUon is, m general, somewhat more 
satisfactory than that of Freundlich but the constants are 
still empincal and mcapable of deducuon from the mecha- 
nism postulated The most important contribution of 
Langmuir is that of the ummolecular layer, which, as we 
have already seen, is now supported by direct experimental 
evidence and may be taken as the generally accepted view 
Probably the most significant feature of the experiment- 
ally obtamed isotherm is the large amount of adsorption at 
exceedingly low pressures or concentrations (cf irutial part 
of curve B, Fig. 5) It is this which enables small amounts 
of impurities to be removed by the adsorbent from dilute 
solution m a liquid or a gas and thus makes possible its 
practical appJicatian. 


Until recently it has always been assumed that the 
amount of material adsorbed is a contmuous function of 
the pressure, but evidence has accumulated withm the last 
few years which suggests that the adsorption isotherm may 



be discontinuous, being composed of a series of mtersecting 
curves, so small that one contmuous curve is generally 
drawn with the mdividual pomts lymg somewhat irregu- 
larly about It In some cases, as m that of the adsorption 
of carbon tetrachloride on silica gel (Fig 6), the isotherms 
seem to consist of a senes of rectangular steps [2, 1931 , 6, 
1933] The experimental techmque on which these results 
are based seems to be sufficiently sensitive but no satisfac- 
tory explanation has yet been proposed 

Complex Nature of the Solid Surface — ^Active Ceuties 
The limited mobility of the atoms of a solid causes the 
surface structure to remain m the state m which it was 
formed unless very drastic measures (such as polishing are 
taken to modify it When the bnght surface of a metal 
IS examined microscopically it is seen to consist of numerous 
pits and elevations, and there is every reason to suppose 
that the submicroscopic structure is even more irregular; 
even m the case of optically perfect crystals, the existence 
of deep fissures — so called Smeckal cracks — ^has been 
proved The surface of a piece of bright mckel may be 
represented diagramatically thus 



no 7 

It IS unmediately obvious that even in the relatively sunple 
case of a metal there is a considerable variation m the 
position and manner of linkage of the surface atoms and 
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that physical and chemical propeities must vaiy from atom 
to atom on the surface, edge, peak and corner atoms bemg 
especmlb^ active When more comphcated surfaces such 
as charcoal or activated earths, which have been formed 
quickly by disruptive action, are considered, it is clear that 
there are infinite possibilities for the formation of pits and 
cavities resultmg m vanabihty of surface properties 
The extreme acbvity of a small portion of a surface is 
very marked in catalytic reactions in which the intermediate 
formation of adsorption complexes is an important 
mechanism In some cases surface heterogeneity is itself 
necessary for catalysis Thus while chemically reduced 
copper IS an excellent oxidizmg catalyst, the metal deposited 
by electrolysis from aqueous solution is quite inactive 
[15, 1924] 

By far the weighbest evidence for the existence of acUve 
centres, that is to say the small portions of the surface 
which possess a greater activity for adsoiption and catalysis 
than the rest, comes from a study of catalyst poisoning In 
many instances catalytic activity may be diminished or 
even completely inhibited by tenacious adsorpUon of some 
foreign substance, in quantity greatly insufficient to form 
a ununolecular layer over the whole surface [19, 1925, 4, 
1925] An impressive illustration of this emerges from the 
work of Vavon and Husson [21, 1922] on the effect of 
poisons on the hydrogenation of orgamc compounds m the 
presence of platmum black Thecleancatalyst,forexample, 
was able to facihtate the reduction of dipropyl ketone, after 
adsorption of a mere trace of carbon disulphide the sur- 
face became mert for this reaction, but was still capable of 
reducmg piperonal On the admission of a further small 
quantity of the poison, piperonal was no longer reduced 
but mtrobcnzene was still attacked It is thus clear that 
platmum black must contam at least three levels of surface 
of varymg activity In a similar manner it has been shown 
that the charcoal surface contams portions of great, of 
medium, and of low activity The hi^ activity of the active 
centres is also proved by the fact that the heat of adsorption 
of a clean charcoal surface for the first traces of oxygen, 
sufilaent to cover only a small fraction of it, is 224,000 cal 
For comparison it should be stated that the heat of com- 
bustion of sobd carbon is 97,000 cal and of gaseous carbon 
380,000 cal [14, 1927] It would thus seem that the atoms 
forming the acuve centres of carbon are m a state inter- 
mediate between that of gas and solid, which is exactly the 
state of affairs envisaged m Fig 7 for the peak atoms of a 
solid surface 

The enhanced activity contributed to a surface by its 
active centres is often its most conspicuous characteristic, 
any correlation between surface properties and structure 
must, therefore, be made with the utmost caution as the 
small proportion of acUve surface may not be recognized 
by physical methods of exploration such as electron 
diffraction, and the properties of the active centres thus 
erroneously related to the structure of the larger, inert 
surface 

Specific Adsorption 

The fact that a substance is capable of retaming on its 
surface relatively large amounts of other compounds is not 
in Itself sufiScient to make the process of adsorption useful 
for punficauon purposes The adsorbent must be capable 
of removing from a mixture of compounds, small amounts 
of impurities— It must display selective action Preferential 
adsoiption is largely a matter of the chemical relationship 
betwem adsorbent and adsorbate. An excellent illustra- 


tion of this IS offered by the contrasting properties of sihca 
get and charcoal The former substance is stron^y hydro- 
philic and IS thus continually stnvmg to become hydrated, 
m the presence of water vapour therefore, other substances 
adsorbed on the gel surface will tend to be displaced by the 
water Sihca gel is thus the adsorbent par excellence for 
drying purposes, but its use as a refining adsorbent for 
mixtures, which may contain moisture, is hmited for the 
same reason Apart from its predilection for water, sihca 
gel is remarkably unspecific m action Charcoal, on the 
other hand, is usually hydrophobic and adsorbed water is 
immediately displaced by hydrocarbon or other orgamc 
vapours, thus this substance will act as an efficient gas 
mask adsorbent even in an atmosphere saturated with 
water vapour The charcoal surface is rich m active centres 
which favour specific retention by chemisorption and con- 
sequently catalytic action 

The nature of the adsorbate is of importance even with 
an inert adsorbate and, as is mentioned in Stagner’s paper 
on acid treated clays, p 1699, practically all adsorbents will 
extract from a mixture of orgamc compounds, first those 
with unsaturated Imkages, then amines and other nitrogen, 
sulphur and oxygen containing molecules, with saturated 
hydrocarbons last of all In general we may conclude that 
the specific action of an adsorbent is closely related to the 
chemical nature of its surface and especially of its active 
centres 

Activation of Adsorbents 

In order to produce adsorbents in an efficient condition 
they have generally to be activated by either chemical or 
heat treatment Thus silica gel has to be treated to nd it 
of water and in a sunilar manner bauxite must be roasted 
to produce the porous adsorbent gel The acid treatment of 
clays IS a further important example of activation, which is 
treated elsewhere by Stagner in his article on Acid-treated 
Clays The activation of charcoal is a somewhat more 
comphcated matter, but illustrates well the general pro- 
cesses involved in the production of an effective adsorbent 
Charcoal as normally prepared by the combustion of 
orgamc materials is a porous aggregate consisting of micro- 
crystals of the graphite type together with numerous hydro- 
carbon chams which are residues of the original compounds 
employed This initial material is a relatively poor adsor- 
bent, containing a great deal of combined hydrogen some 
of which IS stable at 2,000° C The activity of a charcoal is 
roughly mversely proportional to its hydrogen content 
On heating such a matenal m a stream of air, oxygen, 
steam or carbon dioxide, the hydrogen is gradually removed 
and the carbon partially oxidized with the formation of a 
product which is highly active as an adsorbent The pro- 
cesses effecting this improvement appear to be threefold 

1 Cleansmg of the surface by removal of surface hydro- 
carbons and other impunties 

2 Extension of the surface area by oxidation which 
results m the opening up of new pores 

3 Exposure offree valency bonds and creation of active 
centres 

If the treatment is too mtensive, over-oxidation will result 
m a lowering of the surfkoe area and burning away of 
active centres, and if the temperature onployed is too 
high an orientation of the crystals— graphitization— may 
occur with a consequent loss m activity 
It should be realized here that the normal charcoal sur- 
face IS covered by a unimolecular film of dtetnismbed 
oxygen v^uch can onl^ be removed at a high temperature as 
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oxides of carbon Adsorption on active charcoal is thus 
due either to a van der Waals retenuon on the surface oxide 
or else chemical combination with or displacement of this 
compound That charcoal is a useful oxidizing catalyst is 
not difficult to understand Recent work [9, 1934, 8, 1936] 
has shown that the actual nature of the surface oxide 
depends essentially on its temperature of formation and 
that many of the specific properties of the substance can be 
explamed on this tosis 

Evaluation of Adsorbents 

General comparison of the properties of adsorbents is a 
matter of great difficulty and if possible, tests should always 
be carried out under the actual conditions under which the 
substance is to be employed Adsorption of substances 
such as methylene blue, phenol, lodme, &c , have been pro- 
posed as general measures of adsorption capacity or surface 
area [10], but owmg to the specific nature of the adsorp- 
tion process, information of this type is of little use For 
example, one charcoal may be an excellent adsorbent for 
bases and poor for acids, while another may efficiently 
remove acids from solution but totally ignore bases [9, 
1934, 8, 1936] Consequently, if even a superficial know- 
ledge of the properties of a given adsorbent is required, a 
considerable number of tests have to be earned out 

A further complication may arise as a result of stenc 
difficulties The ultrapores of charcoal, for example, may 
be small compared with the dimensions of a large molecule 
such as Congo red, so that although the surface may be 
capable of retaining this substance, there will be no 
apparent adsorption On cnlargmg the pore diameter 
without changuig the nature of the surface, however, the 
large molecules may obtain access to the pores and be 
adsorbed to a considerable extent It has mdeed been found 
[7, 1934] that, on progressive oxidation of a surface, a time 
comes when molecules of a given size, which have been 
completely excluded, sudden^ become adsorbed to a con- 
siderable extent The apparent surface area of an adsorbent 
as measured by the adsorption of various substances on it 
thus vanes with the size of the molecules of adsorbate 
[16, 1924] 

Adsorption and Catalysis 

The development of modem adsorption theory justifies 
the statement made by Faraday a century ago, that the seat 
of chemical change is the film of adsorbed material All 
adsorbents are more or less effiaent catalysts and their 
catalytic action is often of great use in refining methods 
such as the Gray process (Mandelbaum, p 1693) m which 
gum-formmg unsaturated hydrocarbons are polymerized 
on a fuller’s earth surface 

It IS found that the law of mass action may be applied to 
such heterogeneous reacUons but that the term 'active 
mass' refers to the amount adsorbed and no longer to the 
concentration of material in the homogeneous phase which 
merely acts as a reservoir to replace molecules removed 
from the adsorbed layer on reaction The adsorpuon 
equilibrium is usually qmckly attained and is rapid com- 


pared to the subsequent reacUon, except where activated 
adsorption is the controlling factor, when this is so, the 
simple generalizations given below have to be modified 
Two extreme cases have to be considered, both are 
known m practice as are numerous intermediate cases 
Firstly, if the amount of adsoiption is small, the amount 
adsorb^ will be directly proportional to the pressure 
If the surface change mvolves only one molecule of gas, 
then the rate of change is proportional to the number of 
adsorbed molecules and hence to the pressure of the 
reactmg gas, thus the ordinary unimolecular law applies 
In a similar way, if two molecules are mvolved, the rate 
of reaction is proportional to the square of the surface 
concentration and hence of the pressure, the reaction is 
bimolecular 

If, on the other hand, the amount of adsorption is great, 
removal of a few molecules by reaction and their immediate 
replacement from the homogeneous phase does not 
appreciably affect the surface ‘active mass,’ and so the 
reaction is independent of the concentration m the homo- 
geneous phase, 1 e IS of zero order 
When one of the products of reaction is capable of being 
adsorbed on the catalyUc surface, it competes with the 
reactant molecules for room on the surface and leads to a 
decreased rate of reaction or even to complete mhibition 
At first sight It might seem as if the increased concentra- 
tion in the adsorbed film might brmg about mcreased 
reaction velocity merely by a ‘mass action’ effect That 
this IS not the case is demonstrated by results of Sabatier 
from the study of the decomposition of compounds which 
can split up m more than one way Thus with formic acid 
the two following reactions may occur 
^H,+co, 

H COOH<r 

^H,0+C0 

Now, using different surfaces as catalysts, either reacUon 
may be accelerated at the expense of the other This highly 
specific type of catalytic reaction, which is very common, 
IS due to chemisorption, usually associated with active 
centres 

Although catalysis is most common on surfaces where 
one of the reactants is capable of being chemisorbed, it is 
highly probable that molecules adsorbed by physical forces 
are often more reactive than in the free state It has been 
suggested that the very fact of one type of molecule bemg 
anchored to a surface should render a higher proportion of 
collisions with a second type more fruitful of reaction than 
m the gaseous condition, or that the possibihty of two 
reactant molecules occupying adjacent places on a surface 
and thus being m contact for a finite tune renders reacUon 
probable 

Although the general mechamsm by means of which 
adsorbed molecules are enabled to catalyse a reacUon is 
still obscure, two methods of influencmg the reacUon 
emerge— the catalyst may lower the heat of acUvaUon of 
the reaction and may also facilitate it by allowing it to 
proceed along a path impossible for a homogeneous 
change 
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TREATING MINERAL OILS BY PERCOLATION AND CONTACT 
FILTRATION 

By E. R. LEDERER, Ph.D., M. Inst. P.T., and E W ZUBUN 


I. INTRODUCTION 

In the processing of mineral oils, treatment with ad- 
sorptive substances, such as clays, is usually one of the 
most important steps Owing to the relative simphcity of 
this operation and its far-reaching effects, it is applied 
wherever practical Not only does clay treating yield pro- 
ducts of improved colour, but it also improves stabihty 
towards storage, oxidation and breakdown, and improves 
demulsibihty The treating can be earned out with the oil 
in hquid or vapour phase 

In the following pages, discussion will be hmited to 
treatment in the liquid phase only, and of oils not including 
gasohne Methods, commercial applications, difficulties, 
relative advantages and cost will be reviewed 

A review of the history of treatmg oils with clay reveals 
that this art was known to the Chinese more than a thou- 
sand years ago for improving colour, odour, and taste of 
fatty oils The first authentic description of the use of day 
m the purification of oils appears to be the Bntish Pro- 
visional specification No 1211 by Benjamin Fulwood of 
28 May 1855 [5, 1927] This antedates Colonel Drake’s 
discovery oil-well in the United States by 4 years In the 
early days of the Pennsylvanian oil industry, gravity filtra- 
tion through relatively coarse clay was taken up Spas- 
modic methods involving mixmg of fine clay with oil were 
experimented with, but it was not until 1920 that this latter 
method was successfully applied on a large scale 

Activated and synthetic clays became known in the last 
few years of the nineteenth century In 1910 acid-activated 
clays were produced commercially in Germany 

To-day coarse fuller’s earths and powdered contacting 
clays are used side by side Each has its field and its 
advantages Two distinct methods of application have been 
built around them, each of which takes reasonable ad- 
vantage of their physical and chemical characteristics, 
although there is much room for improvements These 
methods are known as percolation and contact filtra- 
Uon 


II. TREATING METHODS 
1. Percolation 

By percolation is understood the passage of oil through 
a stationary bed of granular relatively coarse clay of con- 
siderable depth The direction of flow is relatively umm- 
portant, in special cases vertical flow is used quite univer- 
sally, either downward by gravity or upward by pumping 
Anti-gravity flow is particularly suited for non-viscous oils 
[29, 1928] 

Percolation filters consist of cyhndncal shells, 6 to 12 A 
wide, mostly with cone bottoms, and with manholes for 
introducing and removing clay, and suitable Imes for 
dinctmg the oil The clay m the shell rests on a perforated 
plate or screen 

The dqith of the day bed is limited for practical purposes 
to 30 ft [3, 1923], duefly because the tendency towards 
duwnelhng increases with depth 


Channelling — one of the greatest evils of percolation — 
may be defined as the preponderance of flow through cer- 
tain portions of the clay bed Channelling sometimes can 
be overcome by applymg fluctuating pressure on the oil to 
break down temporary resistances that may have built up 
m some areas if that is of no avail, the filter must be 
repacked Results of channelling are relatively low yidds 
of material treated to specifications The depth of the filter 
bed vanes usually from 10 to 20 A , depending on the pro- 
perties of oil to be filtered, the character of suspended 
matenals, the kind of dissolved materials, and the final 
colour desired Greater depth of clay means, of course, 
longer running cycles for a given diameter clay filter. This 
m turn results in greater throughput per tune umt 

Percolation is usually carried out at temperatures ranging 
from 100 to 200° F Some filters are fitted with steam coils, 
others with steam jackets As a rule better colours are 
obtained at higher temperature, and high temperature is 
essential when percolatmg highly viscous oils, or oils con- 
tainmg tarry materials or wax 

The rate of filtration depends on the mesh of the clay 
and on the viscosity of the oil 

Clays of 20 to 90 mesh size can be used It is of advan- 
tage to separate by particle size within close lunits Not 
only are certam sizes of greatest advantage for certam oik, 
but the elimination of relatively fine material greatly im- 
proves the rate of filtration 

Considerable progress has been made in late years in the 
matter of better utilization of percolating equipment It has 
been stated [19, 1934] that in 1934 40% less filtenng capa- 
city was required on the basis of sunilar results as compared 
with 10 or 15 years ago Much improvement can be made 
by developing continuous countercurrent methods ui which 
the clay also is continuously fed at one end and withdrawn 
at the other 

Bell [3, 1923] gives the following filtenng rates as being 
typical 

Table I 

J»W persq ft 
per day 

Cylinder stocks 0 6 

South Texas lubricants 0 7 

Pressed neutrals 0 8 

Wax 4 to 6 

There is no doubt that by careful control of the vital 
factors, such as mesh of clay, temperatures, pressure, &c , 
higher rates can be obtamed than mdicated m the above 
table 

Funsten [19, 1934] recommends the followmg general 
filtenng conditions that have proved satisfactory in 
practice. 

A complete filtenng cycle consists of 
Chargmg the filter with clay 
Bringmg oil and clay to temperature 
Filtenng oil through clay to specificauons 
Washing with naphtha 
Blowing with steam 

Removing day and restonng (or dumping) it. 
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I I Jtale ef Pressure* 

I Temp I filtrallon filtration 

Saybolt i filtration \ bbl per hr for lb per 

Viscosity I "F \l,000euflfill sq In 


Light iphidlM I up to 200/100 i 80-100 
Heavy ipimllei , 200-500/100 | 100-140 
Omliewl or rb. I 100-160/210 i 160-200 


0-25 

0-25 

15-50 


5-15 

0-15 


* Praiurea in the higher range an required where 60-90 meah earth are 


The naphtha wash is fractionated Recovered oil is 
added to unfiltered stock and naphtha is recycled 
Filter yields are affected by moisture content of the oil 
Moisture in excess of 0 1 % reduces the clay efficiency con- 
siderably [19, 1934] 

Oils manufactured by percolation processes generally are 
of high quality The degree of quality naturally depends 
largely on the dfectiveness of the clay 
It IS possible to make many kmds of special products by 
percolation By separating various cuts during a run, oils 
from water-white to practically no improvement in colour 
over the charging stock can be secured 
The most recent development is that of filtering in solu- 
tion of propane Due to the low viscosities propane im- 
parts to even the heaviest lubricating oils, hi^ filter-rates 
an developed, coupled with increased bleaching efficiencies 
(see article on Propane Refining) 

2. Contact Filtration 

In contact filtration finely divided adsorbent is mixed 
with oil, the mixture is heated to the desired temperatures, 
and the clay is separated from the oil by filtration 
As previously mentioned, attempts to cany out this 
seenungly simple process wen made early They all failed 
because of lack of means to heat the mixtun quickly 
Not until the advent of the pipe-still was commercial suc- 
cess of the method secured 

As compared with percolation, contactmg lacks flexi- 
Inhty In a single-contact cycle only one fimshed product 
can be obtained as against ^e many from the percolation 
cycle Clays an not spent to the same degree, for percola- 
tion, bemg a senu-countercurrent process, will exhaust the 
days farther Attempts to contact oil first with spent clay 
and then with successively fresher clays, or to filter the 
treating stock through a l^ter cake of spent clay, pnor to 
contactmg with fresh clay [24, 1932], or to mtroduce the 
clay m several batches with and without intermediary filtra- 
tion, have met with httle success Many of the suggestidns 
wen quite ingenious, however, the extra expense mvolved 
m thw execution mvanably frustrated theu: conuneicial 
feasibihty 

Then an two mam reasons why contactmg grew to its 
present miportance Because it enables the application of 
activated clays of efficienaes better than twice that of the 
best percolation clays, and because it enables neutralization 
and decolonzation of aadic oil m one step 
Then an other reasons for or against contactmg, how- 
ever, they an of mmor importance as compared with those 
mention^, save the problem of revivification. That vnll 
be discussed later 


Activated clays an not applicable to percolation, because 
during the process of acuvabon they dismtegrate or an 
forcibly dismtegrated to a fine powder The most impor- 
tant type of clay activation employed commercially to-day 
is that of digestmg it with strong mineral acids, either sul- 
phuric or hydrochloric This leaves the activated clay in 
the form of a pulp, and immediately the problem arises, 
when, when, and how it is most economical to elimmate 
the water Two methods have evolved The ‘dry’ contact 
method, m which day freed from water by settling, filtra- 
tion, and diymg methods is mixed with oil, the mixtun is 
heated to the desired temperatun, cooled, and filtend, and 
the ‘pulp’ contact method, m which the clay pulp is mixed 
with oil, the mixtun heated, the water flashed off, and the 
dehydrated mixtun is further heated to be eventually 
cooled and filtered 

Choice of methods is menly one of economical con- 
siderations Activated clays an commercially available in 
dry powdered form When the price of raw clay and 
availability of acid an favourable, savings can be effected 
by the pulp method over the application of dry activated 
ckiys 

Contact-filtration plants vary m size from 5-gal batch 
oil-reclaimmg apparatus to several 1,000 bbl a day con- 
tinuous equipment Operations an quite simple, although 
the application of clay m the pulp form complicates them 
somewhat 

The ‘dry method’ is apphcable to batch and contmuous 
processing In batch processing, which is usually done on 
small scale for the reclaimmg of used lube oils, the dry 
clay and oil are mtroduced mto a suitable vessel, provided 
with necessary covers, lines, and heating devices The tem- 
peratun IS raised while steam is blown through the mixtun, 
and when the required point is reached the mass is nleased 
through a cooler and filtered 

In the contmuous large-scale ‘dry’ method, the clay is 
suspended m oil to form a slurry This slurry is fed and 
proportioned continuously to be mixed with a stnam of 
oil, which IS subsequently passed through a pipe-stiU, an 
optional naction chamber, a cooler, and a filter-pnss To 
facilitate filtering, dilution with naphtha is usually n- 
sorted to 

The ‘wet’ or ‘pulp’ method differs from the above, as 
It IS suitable only for continuous methods because of exces- 
sive foammg durmg the period of evaporation of the water 
The ‘pulp’ and oil an proportioned and mixed as befon, 
but mstead of passing directly through a pipe-still the 
mixtun enters first mto a flash tower or separator, m which 
a high liquid-level is maintamed From its bottom a con- 
tmuous stream is withdrawn, which cuculates through a 
pipe-stiU and back mto the flash tower, thenby providmg 
heat for the vaporization of the water As the ratio of 
freshly mtroduced wet oil to that of hot oil m the flash 
tower IS qmte small at any given moment, ejuessive foam- 
ing never occurs From the separator a portion equivalent 
to the one freshly mtroduced is contmuously withdrawn, 
to be cooled and filtend, if necessaty in dilution with 
naphtha 

A flow diagram of a typical pulp-contact plant is shown 
inFig 1. This plant was designed to handle long residuum, 
having an open cup flash-point of 420 to 440*' F. Tempera- 
tures at the most important pomts an indicated, but it 
should be remembered that these tenqmatures can vary 
within wide limits, depending on general practices, natun 
of oil and day, and particular type of equipment. 

Contacting temperatures, for instance, may range ftom 
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slightly above 200 to 750° F In the early days, relatively 
low temperatures close to 200° F were employed Later, 
operations were earned out at mcipient distillation, until 
Prutzman [42] showed that temperatures above normal 
evaporation but below cracking produced oils of greatly 
improved ‘cast’ or ‘outer tone’ 

Typical results of contactmg Ranger long residuum, 
which had been treated with 35 Ib per bbl 98% sulphuric 
acid, and 25 lb per bbl activated Woodite clay [30, 1932] 
under identical conditions except for variations in the tem- 
perature are shown below 

Table II 

Temperature Tag-Robinson colour 
420° F 2 

470° F 2i 

530° F 3i 

Time of contact must be considered in conjunction with 
temperature Kalichevsky and Ramsay [27, 1933] have 
shown that colour intensity of oils during the early stages 
of contacting decreases rapidly As time progresses de- 
colonzation slows down, comes to a standstill, and finally 
IS reversed The higher the temperature, the less time is 
required for the above to happen In other words, to 
obtain the best results in a given continuous equipment, for 
which variations as to time are limited, temperature varia- 
tions are limited also 

Kalichevsky and Ramsay [27, 1933] present the followmg 
highly mstructive figures 

Table III 


Effect of Time and Temperature on Colour of Oil in Con- 
tacting Acid-treated Mid-Continent Cylinder Stock with 
Adsorbent Clays 



In handling acid-treated oils and earths, special attention 
must be paid to the probton of corrosion Where sulphuric 
acid has been used, duriion, monel metal, bronze, &c , and 
m many locations cast iron, have proved satisfactory metals 
f<» construction. 


Besides corrosion, erosion sometimes must be contended 
with Some clays contam considerable proportions of sihca 
sand or volcamc ash Clay grinders bemg adjusted for 
rather soft materiab do not pulverize sand, and relatively 
coarse hard particles cause considerable wear on conduits 
and pumps This condition is particularly bad after the 
clay has been thoroughly dned 
Very recent developments in air-operated ‘separating 
tables’ [47] enable the removal of sand from ground clay 
without appreciable loss of fines through dusting This 
results in practically complete ehmination of erosion 
The effect of contacting oils with suitable clays as de- 
scribed IS not only that of removing chromophores but 
acid constituents as well The removal of the latter is so 
complete that clay contacting makes caustic treatment sub- 
sequent to acid treating altogether unnecessary Neutra- 
lization numbers of freshly contacted oils run commonly 
around 0 01 mg KOH per gram of od Weak acids are 
not as readily removed by clays as strong acids. 

Davis [12, 1928] points out that the control of neutrahza- 
tion by clay-contacting methods is accurate and positive 
Above all, contactmg overcomes emulsion troubles ex- 
perienced m neutralization with chemicals and the od is of 
superior quahty, more so than if neutralized with alkahs 
In many instances contacting is used solely for the pur- 
pose of neutralization, no attempt bemg made to unprove 
colour at the same time In oAer mstances it has been 
found possible greatly to improve the decolorizing power 
of clays on neutral reacting ods by mixmg a very small 
percentage, say between and 2% of acid to the od, and 
contactmg it with clay without settlmg the sludge 

3. Contact DistUlation 

A sjTecial appLcation of contact filtration is contact dis- 
tillation Although not very widely used at present, it has 
such a field of advantageous appbeation that m the future 
Its application is likely to grow considerably 
It consists of distillmg ods m the presence of clays, con- 
densing overhead streams, and separating the solids from 
the bottom stream by filtration When considermg the data 
by Kahehevsky and Ramsay presented m Table III, it 
b^omes evident that batch treatment is not hkely to be as 
suitable as continuous treatment for this process, because 
of the excessive length of tune the clay remains m contact 
with hot still bottoms m the former 
In Its proper execution clay is mixed with od to form 
a slurry The slurry is proportioned and mixed con- 
tinuously with a stream of oil, which passes through a pipe- 
stiU and into a flash tower The flash tower may be of the 
atmosphenc or vacuum type, dependmg upon the results 
to be achieved Vaporized fractions are taken overhead 
and the unvaponzed portion leaves as a bottom stream, as 
in any other continuous distillation Bottoms are filteied 
m any convement manner to separate clay from od A flow 
sheet of the process is shown m Fig 2 
Contact distillation is of particular advantage m pro- 
cesses in which the contactmg is the final step The oil 
resulting therefrom is m a highly saturated condition and 
shows excellent storage stability Fdtration m this case 
cannot very well be carried out m dilution, because dilution 
requires reheating and ledistillation, which partly offsets 
the advantages gamed by the process So-called ‘hot’ 
filtration must be employed 

In the cham of processing steps, contactmg distillation 
Ukes a position sundar to that of percolatmg to obtain 
good colour The mam difference between the two is that 








TREATING MINERAL OILS BY PERCOLATION AND CONTACT FILTRATION 


1683 


percolation permits fractionation by degrees of colour, 
while contact distillation fractionates by boiling-range, 
producmg only one colour for each fraction 
There is promise that contact distillation will play an 
important role m the recently developed solvent extraction 
processes By employing contact distillation to solvent 
extracted oils, considerable savings m clay are claimed [16, 
1933] over the application of ordinary contacting 
A special application known as ‘Filtrol’ Fractionation 
[15, 1932] IS concerned with contact distillation m the pre- 
sence of activated clays Due to the relatively high effi- 
ciencies of such clays the potential uses and effects of the 
process are quite remarkable 

4. ComUnation Methods 

In many instances it is found advantageous to clay-treat 
oils more than once 

The choice of the number of steps involved in a complete 
manufacturing process is, of course, largely guided by 
econonuc considerations Where cheap clays of inter- 
mediate decolonzation efficiency are available, multiple 
clay-treatmg is usually considered good practice [12, 1928] 
The first clay treatment is usually that of contacting the 
acid-treated oil, mainly for the purpose of neutrahzaUon 
The oil IS then dewaxed and topped to the desired viscosity, 
cither by ordinary or contact distillation In the first case 
the oil IS finished by percolation 
Another procedure which has been suggested, but which 
to the writers’ knowledge is not in actual use at present, 
is that of contact distilling the crude oil, subsequently acid- 
treating the filtered residuum if necessary, dewaxing, dis- 
tilhng, and percolating, or contact distilling and filtering 


III. TYPES OF OILS 
1. Krrosine 

Marketable kerosine must have a colour better than 21 
on the Saybolt colorimeter, and also possess good burning 
qualiues without depositing carbon or soot on wick and 
chimney, and without clogging the wick 

Gurwitsch [22, 1927] points out the detrimental effects 
on burning quality of carbures, soft asphalts, and soaps 
Clay-treating of kerosine has largely the purpose, besides 
stabilizing the colour, of either preventing the formation 
of these compounds, or, if they are present, of eliminating 
them It follows that the type of clay treatment resorted 
to depends entirely on the nature of crude from which 
the kerosme is prepared and on the treatment it has 
received 

It IS accepted that kerosine from paraffinic crudes is the 
best However, many mixed base and asphaltic crudes 
yield fine kerosmes, provided they receive the proper treat- 
ment Kerosmes from sweet, paraflSiuc crudes frequently 
receive only an alkah or sodium plumbite treatment 
(‘ Doctor ’-treatment) 

Such kerosmes as a rule do not readily respond to clay 
treatment. Only a few selected clays of the Flondm type 
or Bauxite improve such kerosmes sufficiently to warrant 
the extra expense 

Bowen [6, 1933] suggests the addiuon of clay to the still 
diarge before distilling the kerosme, chiefly to improve 
cdour Btal^ty m cases m whidh hght treatments only are 
used for finwhing Hus amounts to contact distillation 

Kerosmes that have received acid treatment are most 
advantageously neutralized with clays by contactmg 


Formation of harmful soaps can in this manner completely 
be suppressed The proper choice of the clay is of un- 
portance, as it must be free from a tendency of liberatmg 
calcium or magnesium ions m contact with the acid con- 
stituents of the kerosme Soaps of these metals greatly 
depress the burning qualities It has been found good 
practice in many instances to wash the acid-treated kero- 
sinc with water prior to clay contacting This not only 
saves clay, but also minimizes the danger of soap formation 
due to hberation of ions 

Whereas clay treatment may be of importance to improve 
colour stability and burning time, it has practically no 
effect on illuminating power [11, 1932] 

Allibone’s [1, 1933] experiments on colour stabilization 
by percolation through Bauxite led to the conclusion that 
fractions boiling up to 280° C (536° F ) were well stabilized, 
from 280 to 300° C (572" F ) partly stabilized, and above 
300° C (572° F ) not at all stabilized 
The stabihzmg effect of Bauxite is greatly enhanced by 
a pre-treatment with liquid sulphur dioxide 

2. Neutrals 

The expression ‘neutral oils’ or ‘neutrals’ is commonly 
used by the trade as indicating distilled lubricants of Say- 
bolt Universal Viscosities from 70 sec to as high as 2,000 
sec at 100° F , regardless of whether or not such oils have 
been acid-treated 

Considering oils from the pomt of view of clay treatmg, it 
IS the viscosity that sets limitations for the practical applica- 
tion of various methods, and therefore the lighter neutrals 
only will be discussed in this article 
Neutral oils containing no free mineral acids are parti- 
cularly suited for percolation treatment Theu- relatively 
low viscosity permits good rates of filtration without the 
necessity of adding diluents This is particularly useful in 
processes in which dewaxing precedes treating to obtam 
good colour Not only is the finished oil well stabilized 
and brilliant, but this procedure also enables the sunplified 
manufacture of a number of special products 
Acid-treated neutrals have in the past been neutralized 
most commonly by means of caustic soda This is bemg 
replaced almost entirely by contacting with a good grade 
of neutralizing clay For this operation clays can success- 
fully be apphed that have little or no colour-removing 
ability The concentration of chromophores in distilled 
oils IS low, and most of the objectional remaimng colouring 
matenal is removed by the acid itself For that reason 
further improvement of colour with clay is frequently 
unnecessary 

The writers have observed the phenomenon, that on 
some distilled acid-treated oils practically the same colour 
IS obtained, whether this oil is contacted with poor or 
highly efficient decolorizing clays, and with varying quan- 
tities thereof Thus a 3(X) vis at 100° F neutral obtained 
by atmospheric steam distillation from a Mid-Contment 
crude, which was treated with 9 lb per bbl of 93% sul- 
phunc acid, was contacted with a natural South Texas clay 
m percentages ranging from to 5% by weight The 
colour was 2 A S T M on all samples The same oil was 
then contact-treated under the same conditions with an 
activated clay, which on bnght stocks was about 3 tunes 
as efficient as the natural clay The colour of the resultmg 
oil was agam 2, and only sh^tly better when higher percen- 
tages of activated clay were used 
In the so-called long residuum process of lubneatmg oil 
manufacture, neutrals are treated jomUy with the bright 
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stocks, and are separated from the latter m the final 
distillation Contact distillation is very apphcable to this 
manner of processmg 

White oite, particularly medicmal oils, are not usually 
prepared by ordinary acid and clay treating Nugey [35, 
1934] reports a simphfied and practical method of their 
production, which consists of the following steps 

(1) 2% of 93% sulphuric acid 

(2) 50% of 20% fummg sulphunc acid, slowly added and 
agitated 

(3) Settle and remove sludge 

(4) Neutralize with caustic soda solution and separate 

(5) Extract soaps with methyl alcohol 

(6) Wash with water and blow to dryness 

(7) Contact with ground fuller’s earth and filter 

Other methods of preparation mclude repeated acid 

treating, neutralization, distillation, and percolation or 
contacting 

3. Bright Stocks 

The two most common methods of clay-treating bright 
stocks are 

(а) Percolation in dilution 

(б) Contacting without dilution at elevated temperatures 

(c) In comparatively few cases are bright stocks per- 
colated without dilution, or contacted with clays in 
the presence of diluents 

Percolation in dilution is resorted to m order to reduce 
the viscosity of the oil and thereby mcrease the speed and 
volume of oil through the filters Disadvantages are loss 
of solvent-naphtha by evaporation and necessity of distilla- 
tion after treatment Where dewaxing succeeds clay treat- 
ment, the latter need not be considered, as dewaxing is 
cam^ out m dilution with some medium also 


tactmg 

As pomted out before, percolation produces oils of 
somewhat greater stability, bnUiancy, and demulsibihty 
On the other hand, contactmg produces umform products 
and serves as the best means for the removal of acids 
Many plants therefore have adopted combmation methods 
Davis [12, 1928] pomts out the economical advantages of 
combmations The methods evolved Vary from simple 
neutralizmg by contacting without unprovmg colour and 
decolorizing entirely by percolation, to neutralizmg and 
decolorizing by contacting and percolating through small 
quantities of clay to improve demulsibility, stability, and 
brilliancy This permits the interchangeable use of clay, m 
various stages of revivification by burning m special fur- 
naces, for filtenng different products for which it might be 
best suited 

Staley [45, 1931] describes a combinaUon method applied 
to Bradford, Pennsylvania, oils Long residuum of 85 to 
90 sec Saybolt Universal Viscosity is contacted with a raw 
powdered California clay at temperatures of 600 to 650° F 
The hot oil is cooled against incommg oil m heat ex- 
changers and IS diluted thereafter with an equal volume 
of a narrow cut naphtha The bulk of clay is removed m 
filter-presses and fines are retained in a blotter-press 

The contacted oil now proceeds to the dewaxing plant, 
and after wax removal the solvent naphtha is distilled off, 
usmg steam in the still at a temperature of about 350° F 
The oil leaving the still has a colour of 6-7 A S T M As 
a final step it is percolated through a filter containing about 
12 tons of 15 to 30 mesh fuller’s earth One charge of 
clay will treat several thousand barrels of oil, as no attempt 
is made to unprove the colour 

At the Texas Pacific Coal and Oil Company, Fort Worth. 
Texas, long residuum of 90-95 S U viscosity at 210° F 
from Ranger crude is treated with 30 to 40 lb of 98% 
sulphunc acid per barrel m two dumps After removal of the 


Kauffman [29, 1928] reports data on percolation treat- 
ment as shown in Table TV 

TABtE IV 


Temperatuie of Alter stream, ° F 
Gravity, • B6 
Sulphur, % 


Gravity, “ Bi 
Ftash, 'F 
Firc,'‘F 
Viscosity, 100“ F 
Viscosity, 210° F 
•Viscosity index 
Pour-point 
Iodine value 

A S T M carbon residue, % 


I J^irsf 

Original \ through \ 
' stock ' clay 


Stream after yields of 

148 4 


5004 \ 5894 


bbl_\_bbl j Jbl_ 


27 7 I 254 


* Calculated by writers 


The change of gravity, viscosity, viscosity mdex, carbon 
residue, lodme number, and sulphur should be notikl The 
changes are greatest for all properties at the begmnmg of 
the ^tration process and gradually dimmish as more oil 
comes through This lack of umformity, which m the case 
of neutral oils can be of advantage, as it permits the 
sunple production of special products, is undesirable for 
bn^t stocks and has been contnbutoiy to the development 
of the contact process 

At the present tune the most important application of 


bulk of the sludge, ‘pepper’ sludge is thrown out by passage 
through De Laval centrifuges The aod oil having an 
acidity averagmg about 6 mg KOH per gram of oil is 
mixed with clay pulp produced m the activation of the clay 
(see under 'TVpes of Clays’) so as to result m a mixture 
containing about | lb. of dry clay per gallon of oil. This 
IS mtroduced mto a separator (see Fig 1) from vriuch a 
stream of oil is contmuously withdrawn and circulated 
through a pipe-still m which the temperature is raised to 
about 440° F The larger part of the stream returns to the 
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separator to cause evaporation of the water contained in 
the fresh inconung mixture A smaller part of the cir- 
culatmg stream equivalent to the fresh mixture introduced 
into the separator is contmuously withdrawn at a point m 
the return hne between the pipe^ull and the separator This 
fraction is cooled, diluted, and filtered as shown in Fig 1 
After filtration the oil is dewaxed and the diluent is re- 
moved m a contmuous pipe-stiU Neutral oils are separated 
from heavy bright stock m the same distilhng operation 
After removal of last traces of moisture, both the neutral and 
bright stocks are fimshed and receive no further treatment 
Processes m which the crude oil is acid-treated, or m 
which the lubricating stock is diluted with naphtha before 
receiving the acid treatment, are best given their clay treat- 
ment by the contact distillaUon method This is of particu- 
lar interest in processes in which the wax is removed pnor 
to or simultaneously with acid treating Overhead streams 
including the neutrals are finished except for drying, as 
are the bottoms after clay removal by filtration 
Petty [39] contends that lower temperatures are permis- 
sible, when contacting in dilution This may be the case 
with some clays, however, with others, better clay efficiency 
IS secured at hi^er temperatures (400 to 650° F ) 

An important phase in the economy of clay treating 
viscous oils IS the removal of oil retained m the filter or 
cake It IS generally conceded that a light, narrow-cut 
naphtha is the best means to displace the oil, it can be 
separated from the extracted lube oil by subsequent dis- 
tillation In some particular cases, oils of the gas-oil range 
or even heavier are recommended as being more efficient 
in their displacing action [37] Hot naphtha or kerosine 
IS advocated by Stratford [46] 

In most plants warm naphtha is employed for the pur- 
pose Its application results in relatively low losses by eva- 
poration and It IS easily separated from the recovered oil 

4. Wax and Petrolatum 

Waxes and petrolatums are almost exclusively de- 
colorized by percolation, except those which are treated 
in coqiunction with oils, from which they are separated 
subsequently In the latter case they receive whatever treat- 
ment IS given to the oil with which they are combined 
White waxes must almost invariably be filtered Fuller’s 
earth that is no longer suitable for oil treatment can still 
be used for wax decolorization, and the only cost involved 
m this process is that of moving the clay to the wax per- 
colators Bell [4, 1923] states that apparently this accounts 
for the popularity of percolation as applied to waxes 
Truesdell [49, 1928] describes the manufacture of various 
grades of petrolatum at L Sonnebom & Sons, Inc , refinery 
at Petrolia, Pa The crude is produced in the Butler, Pa , 
area, and is said to be particularly suited for the purpose 
The petrolatum, once separated, is filtered through fuller's 
earth and bone black, the latter for decolorizing The 
grades and the number of times each is filtered are as 
follows 

Table V 


Colour 
TYade name 

Approx 

ASTM 

Times 

filtered 

Alba 


10 

Snow 


8 

Lilly 

1 

6 

Cream 


4 

Golden 

2i 

3 

Extra Amber 

31 

2 

Amber 

41 

‘ 


lU c 


5. Used Lubticating OOa 

The reclamation of used lubricants, particularly crank- 
case oils, is a business of growing importance The fact 
that the treating stock is spread in small batches over the 
country has given rise to the development of a number of 
reclaiming processes The machmes used to carry these out 
are invariably of the batch type and range from about 5 to 
100 gal capacity In the more successful processes the oil 
IS contacted at elevated temperatures (400 to 650° F ), using 
live steam for agitation Volatile portions are distilled off 
and condensed The oil and clay are then released through 
a cooler to lower the temperature to that of safe filtering 
operation Clay is usually removed by filtering through 
blotting-paper, using steam pressure on the treating vessel 
to move the charge 

IV. TYPES OF ADSORBENTS 

The hst of adsorbents commonly applied in the petro- 
leum mdustry mcludes the following 

1 Fuller’s earth, natural or impregnated 

2 Contact clays, raw 

3 Contact clays, activated 

4 Bauxite 

5 Silica gel 

6 Activated carbon 

From a practical point of view adsorbents are divided 
mto two mam groups, depending upon whether they are 
suitable for percolation or contacting In subdividing the 
mam groups consideration is given as to whether ad- 
sorbents have particular decolorizing, neutralizing, desul- 
phurizmg, stabilizing, or other qualities 

1. Fidler’s Earth 

Fuller’s earth is almost synonymous with percolation 
clay 

A good grade of fuller’s earth is naturally active, has 
considerable compressive strength and hardness, and is not 
disintegrated by water 

In pracUce the clay is dried after mining, often receiving 
a slight acid-treatment, and is then ground and screened to 
various particle sizes In the percolation of viscous oils 
16-30 mesh clay is usually required Non-viscous or diluted 
oils may be percolated advantageously through 60-90 mesh, 
or 20-90 mesh clay The latter results m somewhat better 
rates of filtration and apparently less channelling 

Brockway [7, 1927] states that a 30-60 mesh clay has an 
efficiency about 20% greater than a 20-30 mesh, and 60-90 
mesh clay is 10-15% better than one of 30-60 mesh This 
relation is graphically illustrated m Fig 3 The slope of 
the curve mdicates that the gam in efficiency will not 
greatly increase with clays finer than 60-90 mesh 

Funsten [19, 1934] contradicts the above, stating that the 
importance ofmesh size IS overrated Part of the improved 
results when employmg smaller-size clay is due to increased 
time of contact 

Good percolatmg clays must be able to withstand tem- 
peratures of the order of 1,000° F without losmg too 
much of their efficiency and without dismtegratmg exces- 
sively to fines This is unportant in their recovery, as will 
be shown later 

Percolation clays are chidly appUed to remove diromo- 
phores, carbures, and small quanUbes of sulphur com- 
pounds of the sulphone or sulphonic-acid type In order to 
raise the sulphur-removmg properties, impregnation with 
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vanous metals, oxides, and salts have been suggested Clays high m magnesium, calcium, and alumimum are 
Thus Cross [10, 1932] makes claims for desulpbunzmg oil considered undesuable as they promote sludge formation m 

with clay containing copper or compounds thereof In the oil treated by them Magnesium and aluminium soaps 
particular the sulphides of copper [26, 1932] and lead have are soluble and conducive to sludge and emulsion troubles 
been found to absorb sulphur compounds Heavy metal Pollock [41, 1932] adds sodium silicate to oils contaming 

sulphides can be preapitated on clays No pracUcal pro- magnesium and calcium soap m order to precipitate them, 

cess, however, has developed employuig impregnated earth 
An important property of fuller’s earth and, for that 3. Activated Contact Clays 

matter, of all clays, is their tendency to retam oil Oil Decolorizing abihty of some clays is greatly increased by 
retention is very undesuable, as it causes losses and diflS- leachmg with strong mmeral acids, either hydrochloric or 

culties in restoration of the clay Haseman [25, 1 929], who sulphuric Efficiencies better than twice of those of the best 

has mvestigated this property, concludes that it is largely percolatmg clays can be obtained quite commonly 
a matter of porosity and can be reduced by ‘filhng in the The methods for activation vary with the clays, some 

pores without impairing effiaency* Lederer and Zubhn requinng only the addition of 5% acid [34, 1932], while 

report oil retention to be a funcuon 
of the fineness particularly in the 
case of fine contact clays They 
recommend carrying out grmduig 
m the presence of 10 to 15% e 

moisture to avoid excessive fine | 

formation f- 

2. Raw Contact Clays | 

The main apphcation of raw 
clay by the contact method is for 
the purpose of neutralization In 
a few specialized cases powdered ^ 

fuller’s earth is used for decolor- ^ 

izmg as well $ 

Deposits of clays suitable for 
neutralization are wide-spread 
Muung IS cheap and freight rates 
usually are low Handling and apphcation are simple and others must be treated with as much as twice their own 

free of danger Thus raw clays make an almost ideal wei^t [25, 1932, 36, 1933] of sulphuric acid Most days 

material for neutralizauon Advantages are enhanced m respondmg to such treatment require from 25 to 60% their 

places where the clay is used for percolauon prior to powder- own weight of sulphuric acid The choice between hydro- 

ing, for piuposes of contact neutralization The only cost, chloric and sulphuric acids is largely a matter of price, 

then, IS that of burning, regnnding, and movmg the day although m a few instances hydrochloric acid may result in 

Some few raw contact clays have bleadung effioencies higher efficiencies due to its greater solvent action on calcium 

oftheorder of that of good fuller’s earths However, th^ Dunng the leaching with acid, acid soluble parts are 
are not suitable for percolation because of then softness removed This results m a loss of weight which varies from 

and because they dismtegrate upon moistcmng about 5% to as high as 50% Some of the best-known 

It has been previously stated (see article on ’Contact activated clays, such as Cahfomia Palex or Oklahoma 

Filtrauon’) that weak organic aads are not readily re- Woodite, lose 20% by weight on activaUon 

moved by clays It is appreciated that different clays vary The economy of activated clays depends upon several 

a great deal m this respect, and particularly acid-activated factors, which mclude final efficiency of the day, acid con- 

clays are m general poorer than raw clays This may m sumption, handling, cost of cookmg and washing, and loss 

part be due to the fact that raw clays contam small of weight 

quantities of loosely attached bases which may be available Aad cost can be nunimized by usmg recovered aad [40, 
for the neutralization of such acids 1931] from acid sludge of lubncating oils 

In some mstances it is necessary to neutralize the oil with Plant procedures of activation have been desenbed m the 

caustic or hme, separate as much as possible of the excess hterature [30, 1932, 40, 1931] An excerpt follows 

chemical, and then follow up with day contacting Soaps The raw day, which has preferably been dned to a smt- 

of the aads contamed m the oil are reasonably well re- able moisture content, is ground to 80-90% passmg 

moved thereby [50, 1927] through 200-mesh sieve It is dumped mto a lead-lined 

It has been suggested to add metal oxides or hydroxides cone-bottom cooker fitted with steam coils and open steam 

to the clay, which are capable of reactmg with weak aads lines, and containmg the predeteimmcd volume of a 10 to 

but which do not affect the siliac aad [30, 1932] Suitable 20% solution of sulphuric acid The imxture is digested 

oxides or hydroxides most easily available are those of iron, at temperatures of 160 to 200° F under shght agitation for 

alumimum, and magnesium (Bruate) Thus cotton-seed 8 to 10 hours The thick pulp is transferred to wash tanks, 

oil havmg an aad number of higher than 0 5 mg KOH per which may consist of huge wooden settlmg vats or which 

gram of oil was contacted with activated Woodite day may be of the Dorr thickener type The day is washed 

to which vanous additions of the character pomted out with water until a sample of water, when titrated with 

were made The effect of the addition over the straight clay phenolphthalein, shows an aadity of well below 1 % sul- 

was that the neutralization number was greatly reduced, phunc aad If preferred, washing can also be cam^ out 

while the colour suffered relatively httle on filters 




TOEATINO MINERAL OILS BY PERCOLATION AND CONTACT FILTRATION 1687 

The washed pulp is either vacuum-dned and sacked with an optimum amount of water, the quantity to be 

determmed expenmentally for each batch, while Hall [23] 


(‘Filtrol’), or is directly mixed with the oil to be treated 

Control of the acidity is important for two reasons 
Many oils, mcludmg most acid-treated ones, are unstable 
if treated with clays of too high an acid content This 
instabihty is reflected m loss of colour, sludging, and poor 
demulsibility Some mvesiigators blame the alumimum 
and magnesium salts that are associated with clays of high 
acidity The facts are that oils of greater stability are pro- 
duced by the same clay, provided it is washed more 
thoroughly 

On the other hand, certam types of non-acid oils, in- 
cludmg used oils, do not respond readily to activated, well- 
washed clays In order to obtain the desired bleaching 
effect, a small amount of acid must be added to the clay, 
which all goes to show that there is no umversal clay for 
all purposes Differences as great as the following are 
encountered 

(a) One of the activated clays most highly efficient on 
acid-treated Mid-ConUnent oils had practically no bleaching 
effect on a semi-naphthenic, vacuum-distilled neutral heavy 
stock The overhead stock was very effectively bleached 
by an aadulated clay, which showed a comparative effi- 
ciency of less than 40% on the same acid-treated Mid- 
Continent oil 

(b) A special clay for re-treating used oils had practically 
no bleaching effect on a Mid-Continent aad-treated oil, 
while on used oils the special clay gave considerably better 
results than the aclivat^ clay which was so highly efficient 
on Mid-Continent acid-treated oils 

Corrosion in the process of activation is, of course, a big 
factor and problems are best solved by the application of 
special metals 

4 Bauxite, Silica gel, Activated Carbon are discussed 
separately by other authors 

V. SPENT CLAY 
1. Regeneration 

All methods for regeneratmg spent clays consist of two 
principal steps 

(а) removal of excess oil, naphtha, or solvents, &c , this 
may be called the ’diying’ step, 

(б) removal of adsorbed matter, this may be called the 
‘surface-cleaning’ step 

(a) Removing Excess Oil The usual procedure for re- 
movmg excess oil consists of washing the clay with naphtha 
and subsequently steammg 

In the case of percolation clays this is always earned out 
m the percolation filter without difiiculties Fine clays may 
be handled similarly m the filter-press, the cake may be 
also removed from the filter, agitated with wash naphtha 
in a siutable vessel, refiltered, and steamed Difficulties are 
numerous incomplete washmg due to channelling and 
cracking of the cake, plugging of the filter-leaves during 
steammg, dust formation of the steamed clay with conse- 
quent losses, &c 

Olson [37] recovers entrained heavy lubricating oil by 
displacmg it with gas oil or hght spmdle oil, thereby re- 
ducing channelhng a great deal Stratford [46] flushes the 
filter cake with hot naphtha or kerosme and under pressure 
sufiSetent to mamtam the hquid state Cannon [8] adds 
pulverized sohds to washing liquid for the purpose of filling 
cracks that form on dinnkage of the cake, due to extrac- 
tion. Dunham [13] ‘de-oils’ spent day by treatment 


achieves similar results with hot water Lowry [33] em- 
ploys alkaline solution at elevated temperatures 
When working with naphtha solution for washmg filter 
cakes, the completeness of oil removal depends a great deal 



on Ume and temperature Examples [53, 1932] are shown 
m Fig 4 and Table VI 

Table VI 


'emperature of \ 
naphtha 

1 Time of 

1 vash 

Per cent 
oil m cake 

125“ F 

1 in tnin 

u 

130“F 

15 „ 

02 

132“ F 

s „ 

1 0 

136“ F 

7 „ 

08 

140“ F 

8 . 

05 


Steaming of filter cakes composed of fine clays often 
results m pluggmg of screens, particularly so when metal 
screens are used Clays used for neutralizing release 
enough acid constituents on steammg to make the applica- 
tion of duck for filtermg impracticable Monel-metal screens 
are most frequently employed in such cases 
Clogging may be due to release of asphaltic organic 
matter and to dismtegration of clay to excessively fine 
particles The mixture of the two forms a viscous slime 
that resists removal by mechanical and chemical means 
Formation of this slime can at tunes be prevented by using 
dry superheated steam, or partly removmg some asphaltic 
substances by thorough agitation with hot naphtha or 
other solvents 

Lemmon and Brown [31] suggest removal of adhenng 
oil and naphtha by blowing with mert gas, such as refinery 
‘high line’ Flue gases have been used repeatedly, but are 
apt to give trouble due to their content of soot 
(6) Removmg Adsorbed Matter This step can be earned 
out m two radically different ways by bummg (roasting, 
oxidation) or by extraction with solvents. 

Bummg is the older and more obvious method It has 
been appbed to coarse clays for more than 50 years 
A good percolation clay can be burned as many as 40 
tunes before finally being discarded Dunng each roastmg 
the efficiency drops, and a considerable proportion of the 
charge may go to fines 

Fmes should be separated Some are blown out through 
the stack dunng bummg They can either be collected and 
used for contactmg or else are discarded 
The number of bums to which a clay is actually sub- 
jected depends on a combination of factors pnee of raw 
clay, loss of fines, drop m efficiency, cost of bummg, &c 
The degradation of a typical percolation clay due to 
bummg is reported by Shepard [44, 1934] On the basis 



REFINING PROCESSES PHYSICAL 


of fresh day which has a decolorizing value of 100 points, 
the following table is obtained 

Table VII 
Number Decolorizing 
of burns value 

1 58 points 

2 40 .. 

3 37 .. 

4 31 

5 27 .. 

6 25 „ 

7 23 „ 

8 211 . 

9 20 , 

10 18i „ 

Shepard [44, 1934] observed that during each bum a 
shght amount of smtenng takes place, and that the particles 
thus affected become mert and increase in specific gravity 
By means of ‘concentrating’ tables it has bran possible to 
remove the inert material, thereby maintaimng an average 
efficiency of close to SO points, as shown m Fig S 



POMTS OF COLOR REMOVED 
BV CLAY AT nFFERERT STAGES OF BURNS 
Fig 5 


The practice of keepmg many grades of clay m as many 
storage bms is greatly simplified by this concentration 
method If desired, not more than 2 or 3 grades need be 
kept 

Roastmg is carried out in rotary kilns or multiple hearth- 
type furnaces at temperatures rangmg from 700 to 1 ,400® F 
Each clay has an optimum roastmg temperature, which 
should strictly be adhered to Heat is usually supplied by 
passmg hot gases carrying excess oxygen through the spent 
material 

Wilson [SI] suggests providing heat by burning residual 
oil m the clay and controllmg the temperature by dilutmg 
the air with mert gases 

Lewers [32] heats clays in an atmosphere deficient of 
oxygen to achieve distillation The so-treated clay is then 
exposed to air to remove remammg carbonaceous matter 
by oxidation The Petro-Met Engmeenng Company [38] 
has devised a furnace in which to carry out Lewers’ [32] 
invention Higher efficiencies and smaller losses of ^es 
are dauned over ordinary roastmg methods 

Fme days must be roasted m specially designed furnaces 
m which a low velocity of combustion gases passing 
through the clay is mamtamed Removal of hydrowbons 
to not more than 2% previous to burmng is unportant, as 
otherwise evaporation and combustion of the oil content 
IS likdy to cause excessive dust losses 

While practically all percolation clays can be roasted to 


yield recovered products of high efficienaes, this is not so 
with all contact days Some of them begm to lose their 
adsorptive power when heated to 400° F Others can safely 
be heated to 1,100° F As roastmg below 700° F is im- 
practicable, clays deteriorating at temperatures bdow that 
are automatically eliminated 
Some contact clays can be burned a great many tunes 
without appreciable loss m efficiency This was shown in 
semi-plant and laboratory tests by various mvestigators 
[28, 1933 , 43, 1929] Other clays of similar nature gave 
efficiencies of not better than 75% of the onginal upon 
roastmg In many instances results were even lower, m 
spite of carefully regulated conditions, which gave nse to 
the belief that factors not directly connected with the 
bummg enter the problem [30, 1932] 

Extraction methods for regeneration were suggested 
some time ago, but for various reasons have not found 
great pubhc favour In 1931 a pilot plant designed by 
Goslin-Birmmgham Manufacturing Company [20] usmg 
solvents furnished by the Commercial Solvents Corporation 
[9] was operated successfully Recovery cost per ton of 
day was said to be between S6 00 and S8 00 Efficiencies 
of recovered clays ranged from 60 to 80% of the original 
Flow diagrams of a complete extraction plant are shown 
in Fig 6 

The efficiency of the solvent-regenerated clay not only 
depends on the nature of solvent and clay but also on the 
nature and age of the adsorbed matter It is well known 
that much of the colourmg matter is unstable and subject 
to oxidation and polymerization, particularly when m con- 
tact with clays If adsorbed matter is allowed to age it 
becomes less and less soluble even m the most powerful 
solvents, and solvent regeneration results m reduced effi- 
ciencies 

Solvents amenable to clay regeneration must answer 
three reqmrements 

they must be capable of displacing adsorbed matter, 
they must be good solvents for the adsorbed matter, 
they must be fairly volatile to facilitate their reclamation 
by distillation 

Kalichevsky and Stagner [28, 1933, p 218] give a list of 
solvents suggested for the purpose To mention a few 
Mixture of hydrocarbons and oxygenated solvents, such 
as alcohols, aldehydes, esters, &c , coal-tar products, m- 
cluding pyndine, chlonnated compounds, carbon bisul- 
phide, hquid sulphur dioxide, &c 
Gurwitsch [21, 1926] pomts out that the heat of wetting 
of a liquid when brou^t m contact with clay is a measure 
of Its abihty to displace other adsorbed matter His tests 
terminate m the conclusion that mixtures of alcohol and 
benzene, or acetone and benzene, represent about as active 
a solvent for clay extraction as can be found 
Trescott [48, 1934] gives a comprehensive outhne of 
solvent reactivation of spent contact clay He pomts out 
the effect of time and temperature on the process Raismg 
the temperature m general is conduave to more rapid 
extraction Several hours, however, may be required com- 
pletely to remove the colouring matter Particular atten- 
tion IS paid to the use of water as a reactant 

2. Uses and Disposal 

days not fit for regeneration must be disposed of. 
Attempts to utilize them for a practical purpose have been 
qmte successful Spent contact clays when incorporated 
mto Portland cemoit result m a combmation of unproved 
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Fio 6 Solvent extraction of spent cUy 
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tensile and compressive strength as well as water-proofness 
The process is controlled by the Evans Process Company 
114, 1932] 

Spent ^e clays can easily be pumped or conveyed m 
a stream of water to whatever location is desired Coarse 
clays must be handled by conveyor or truck and dumped 

VI. FILTER PROBLEMS 
Difficulties occumng m the separation of oil and clay 
vary from the problem of retaining ‘fines’ to temperature 



Fio 7 Clarification-filtration 


hazard mvolved m this operauon Fires are particularly 
apt to start if the cake is dumped while at elevated tem- 
peratures Qosed-type presses, in which the cake is 
dropped mto contamers forming an integral part of the 
press, equipped with screw conveyors to move the clay, are 
recommended for this purpose, although leaf and rotary 
vacuum presses have been used. 

The choice of proper screen material is important Not 
only arc rates of filtration and passage of fines greatly 
affected by it, but wear and life of the screens as well 
Whenever corrosion is a major problem, or where high 


considerations in hot filtration, plugging of screens m 
steammg, dustmg m the drying operation, &c 
Percolation offers no serious problem The only item 
worth mentiomng is that upon repeated burmng the per- 
centage of relatively fine material increases, which results 
m loss of filtering rate Screening, or the more recently mtro- 
duced separation of mert material by means of concentrabng 
tables [47, 1934], greatly reduces the content of fines 
Fines of contact clays tend to pass through the filter 
screen at the beguuung of each filter cycle Once the cake 
IS built up to a certain extent, even the finest material is 
retamed Fines m the oil are hable to cause trouble m 
subsequent processmg and are generally objectionable 
They are most easily removed by refiltermg the oil through 
a blotter-press or a press precoated with a filter-aid Such 
secondary presses need be cleaned at long mtervals only 
and the cost of filter-paper or filter-aid is therefore negli- 
gible The outlay as ^own m the flow diagram of Fig. 7 
IS used at the Sand Springs Refinery of the Smclair Refining 
Company [18, 1932] 

‘Hot’ filtration is employed advantageously where con- 
tacting IS the last step m the process 
Speaal precautions must be taken because of the fire 


temperatures are mvolved, monel-metal screens have 
proven satisfactory Plugging of screens is often senous 
It IS usually due to a combmation of asphalt-hke matter 
contammg an morganic filler of clay This combmation is 
highly resistant to mechanical and chemical action, and it is 
next to impossible to remove it from screens Steammg of 
the clay on the press is usually responsible for it, and where 
It is encountered filtermg procedure may have to be changed 
to elmunate its formation Steammg iffiould be eliminated 
and replaced by vacuum of gas drymg Air drying can 
safely be employed where low temperatures are mvolved 

If the spent clay is reduced to a dry powder,' dustmg is 
likely to cause a major problem In order to protect workers 
from Its effects, either closed-type presses as mentioned 
above, or ventilating systems coimected to dust separators, 
should be used 

vn. COST 

In the course of the development the relative costs of 
percolatmg and contactmg have vaned with the progress 
m each method 

In the past decade contacting was somewhat favoured, 
and percolabon was m some circles considered antiquated. 
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Most recent developments, however, particularly the dis- 
covery of means to remove inert matenals from burnt per- 
colation clays [44, 1934], have changed the sentiment m 
favour of percolation 

Davis [12, 1928] comes to the conclusion in a companson 
of costs that, as long as theie are no commercial methods for 
leclaimmg line contact clays, contacting will be considerably 
more expensive Quoting Davis ‘The contact process, how- 
ever, fills an unportant role m the production of high-quality 
lubricants (neutralization without alkah) which cannot be 
performed by the percolation filters, and it therefore seems 
that a combmation of the two is the correct solution ’ 

The following table presented by Davis shows the relative 
cost of decolonzmg oil to 1 Tag-Robinson colour by 


The cost of percolation and restoring percolating clays 
IS reported by Funsten [19, 1934], who made a thorough 
analysis Parts of his data are shown in Tables IX and X 
Cost of percolation clays can be further reduced by 
removing the inert matter, formed durmg burning, by 
means of separating tables [44, 1934] 

Activated contact clays are by far the hijdiest priced, and 
their economy hes entirely in their high efficiency Factors 
in their cost calculations are price of raw clay, grinding 
and drying, acid consumption, steam, water, labour, re- 
covery, and final efficiency 
The following figures are typical 

Table IX 


I Smgle contact (l^TR colour because of subsequent 
darkemng in dewaxing and distilling) 

II Double contact (i T R during neutralization and 
1 T R in final contact) 

III Contact and percolation (contact to ^ T R colour) 
The cost of neutralization and decolorization to i T R is 
not included m any of the above methods 
Table VIII 


\ Single 
\ contact 1 

Double 1 
contact \ 

Percolation 

Clay used per bbl (lb ) 

1 44 

46 1 

133 

Qay cost per ton 

|$14 

$14 1 

$20 

Net cost per ton 

'S14 

$14 

$0 50 

Times used 

' 1 


40 

Cost burning 

1 


$0 85 

Clay cost per bbl of charge 

1 SO 308 

$0 322 

$0 090 

Cost per bbl direct operation 

1 SOOSO 

$0 196 1 

$0270 

Total cost per bbl charge 

! $0 338 

$0 518 1 

$0 360 

Yield finished bright stock 

' 80% 

98% 

98% 

Cost of decolorizing 1 -bbl finished 


1 


bright stock 

1 $0 448 

$0 528 

$0 367 


Filter-turnover Costs (per J,000 Cu -ft Filter) 

Note Applicable to the percolation decolonzation of an acid-treated, 
neutralized Mid-Continent cylinder stock processed as follows 1, solution 
percolated, 2, dewaxed and reduced and 3, straight filter finished 


Total filter turnover cc 


—SO S446 per 1,001 
B Steam for washing (23,000 lb 
so 30 per 1,000 lb ) 

C Naphtha loss filter washing— I S% I 
atScenupergal ' 

D tFuel— clay burning 
E tReducing filter wash 
F day cost (see Table X) 


1,000 lb ) 
Sfi2S0 


*A This item computed from costs allocated on a basis of clay throughput 
tD SO lb fhel per 1,000 lb clay at SI 30 per 1,000 lb fuel 
SE AsfoUows 

1 Solution filters, reducing only 3% of wash (138 2 bbl per filler), 
balance to fresh solution make-up 

2 Reducing all straight filler wash (334 6 bbl per filter) 


Table X 


Standard Cost of Clays by Clay Numbers 




B 

Burning 

(/“%) 

C 

Net 

1 2) 

j"’ % 

. of total 

E 

Efficiency 

(%) 

F 

Product 

lExO 

Clay 

‘com 

H 

Clay com 

Column 

Clay 

No 

A 

Original 

weight 



{Per 1,000 lb) 

Pounds 


•Af’ 

'N' 

'M' 

'N' 

1 

1,000 

150 

850 

9 045 

100 

850 

1 450 

1 395 

1708 

1 879 

2 

850 

13 

837 

8 907 

86 

720 

1 230 

1 353 

1469 

1616 

3 

837 

13 

824 

, 8 768 

77 

634 

1 083 

1 191 

1 316 

1447 

4 

824 

12 

812 

1 8 640 1 

69 

560 

0 957 

1 033 

1 178 

1297 

5 

812 

I 12 

800 

8 513 

64 

512 ; 

0 875 

0 963 

1093 

1 203 

6 

800 

l *2 

788 

1 8 385 , 

58 


0 781 

0 859 

0 991 

1090 

7 

788 

12 

776 

8 257 

54 

419 { 

0 716 

0 787 

0 922 

1015 

8 

776 

12 

764 

{ 8 130 ' 

51 

389 j 

0 665 

0 732 

0 871 

0958 

9 

764 

11 

753 

1 8 013 , 

48 

361 

0 617 

0 679 

0 820 

0902 

10 

753 

11 

742 

7 899 

43 

334 

1 0 571 

0 628 

0 769 

0 846 

11 

742 

11 

731 

1 7 781 1 

43 

314 i 

1 0 336 

' 0 590 

0 733 

0 808 

12 

731 

11 

' 720 

1 7 662 1 

42 

302 1 

I 0 519 

1 0 570 

0 718 

0 789 

Total 

9,677 

280 

9,397 

j ” . 


5,853 ‘i 

I $10 000 

j $11000 




i 

! 

Initial cost of clay 1 

$ per ton \ 

VnU clay cost by numbers (column ‘H’) — 

'M' \ 

'N' 

Clay cost 

Freight 

Handle and bum 

$12 50 

7 00 i 
0 50 

$12 50 
900 

0 30 

Clay weight (C) times efficiency (£) 

/■(Total) 

Iniual clay cost ($ per 1,000 lb ) 

1 Oay weight (C) 

Total 

$20 00 

$2200 

Chiy coats per 1,000 lb 

$10 00 

! $1100 
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Table XI 

Acid actavated clay $27-00 per ton 

Clay (0 6 lb per gal acid oil) 34 cents per bbl acid oil 

Mixing 3 cents , „ 

Pipe-still operation S cents 

Filter-press 4 3 cents per bbl solu- 

tion (60 % oil and 40 % 
naphtha) 

7 3 cents per bbl acid oil 

Solution naphtha 3 cents per bbl charge 

8 3 cents per bbl acid oil 

Total operating cost 37 8 cents per bbl acid od 

Losses 30-30 oil-naphtha, 8% of biter charge at 3 3 cents per gal 

30 8 cents per bbl acid oil 
Total clay treating cost = 88 6 cents „ „ 

— 93 cents „ finished oil 
2 2 cents per gal finished od 

Note 1 bbl - 42 U S gal 

Vm. CONTROL AND TESTING 
Percolating as well as contacting arc usually controlled 
by colour For practical purposes the Tag-Robinson 
colorimeter is sufficient For exacting laboratory investiga- 
tions the Lovibond instrument or the method for measuring 
the true colour densities [17, 1934] are required 
Solvent refined oils that frequently are of sufficient colour 
to need no further improvement are ‘stabilized’ with clay 
In this case means of control are sludgmg, oxidation, and 
emulsion tests 

In order to arrive at reasonable cost figures and for con- 


trol purposes the efficiencies of clays are important It is 
quite common practice to rate the efficiency in weight of 
clay per gallon of oil required to obtam a certain approxi- 
mate result, and compare this with the weight of a standard 
clay which produces the same result 

Davis [12, 1932] discusses the fallacy of the above 
method, pomtmg out that different relative quantities 
of various clays may be needed for different duties and, 
whereas one clay may be cheapest for low colours, another 
clay may be cheaper than the first for high colours In order 
to obtain a true picture of clay efficiency, curves should be 
plotted for colour (or its equivalent in another property) 
versus clay requirement 

Furthermore, a curve determined for one type of oil is 
not applicable to another type of oil Different oils behave 
very differently towards vanous clays, and the history of 
the oil should in all cases be known when judgmg the 
efficiencies of clays 

The actual tests to establish the efficiency of a clay or for 
plant control are performed in small laboratory apparatus 
reproducing plant equipment and operations 

When investigating clays to be activated, the type and 
quantity of acid to be used, digesung time and temperature 
and treatmg losses must be determined Once these factors 
are established, plant control becomes simplified to control 
of the final acidity of the clay Oils contacted with clays 
havmg neutrahzation numbers of more than 5 mg KOH 
per gram are likely to be quite unstable 
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FULLER’S EARTH TREATMENT OF CRACKED GASOLINE 

By M R MANDELBAUM, Chcm Eng., Ph D., A LM E. 

The Gray Processes Corporation 


When the treatment of cracked gasoline achieved im- 
portance following the first commercial production of 
pressure distillate from the Burton cracking stills, sulphuric 
acid, which had long been used by the petroleum mdustry 
to refine kerosine and naphtha, was the reagent first 
employed Since the purpose was to mask the presence of 
cracked products in marketed blends, and the profits of 
cracking were so high that treating losses were com- 
paraUvely unimportant, it was sufficiently satisfactory 
that cracking plants installed in the period 1914-24 
almost invariably earned with them installations for acid 
treatmg and redistilling the cracked product It was 
not until nearly the end of that period that refiners be- 
came aware of the needlessly large losses incurred by the 
costly processing then in vogue While rational treating 
methods now in use reduce the gum-formmg tendencies of 
cracked gasoline at the expense of treating losses averaging 
m the neighbourhood of 1 %, the older method mvolved 
consumpUon m the form of solution, polymer and rerun 
losses, of from 4 to S % of the cracked gasoline being refined 
Moreover, due to their higher reactivity with sulphuric 
acid, the losses were greater proportionally for those classes 
of hydrocarbons responsible for the superior anti-knock 
characteristics of cracked motor fuel Depreciation 
equivalent to two or three points on the present octane 
number scale were the rule due to acid treating, and even 
higher losses were experienced on highly cracked gasoline 
Among the processes for treatmg cracked gasolme to 
produce a commercially satisfactory product with mimmum 
costs and losses, fuller’s earth treatment is most widely 
used, with installed capacity aggregating more than 
200,000 barrels of cracked gasoline per day, apportioned 
among the Gray, Osterstrom, and Stratford processes as 
shown in Table I While these processes differ in technique, 
they all have as their mam feature the selective polymeriza- 
tion, by fuller’s earth or a similar treating agent, of the 
objectionable unstable constituents of the cracked spirit 
The use of adsorbents to decolorize and deodorize 
petroleum oils is as old as the mdustry itself, having been 
taken over from much earlier practice in the punfication 
of animal and vegetable oils Although the commercial 
applications which survived were hquid phase processes, 
early workers m the field (Parsons [10, 1869], Steedman 
[12, 1874], Baynes, Fearenside, and Thompson [1, 1884], 
and others) passed certain vaporized oils through char- 
coal, earths, and other substances 


Commercial Application of Fuller's Earth Treatment of 
Cracked Gasoline in 1937 (bbl per day) 


1 United States \ 

Other countries 

Gray process 

130,000 

23,000 

Ostentrom process 

16,000 

600 

Stratford process 


30,000 

Total 

176,000 

33,600 


FuUer’i earth was widely adopted for the decolonzauon 


of lubricating and other heavy oils, and its effect was 
regarded as purely physical until Gurwitsch [5] m 1912 
announced the low-temperature polymerizmg action of 
porous matenals, and followed this in 1915 with the obser- 
vation [6] that floridm (a type of fuller’s earth) brings about 
polymerization when used to decolonze petroleum oils, as 
evidenced by the formation of highly coloured substances 
In the earliest days of commercial crackmg Gray in the 
United States and Hall in England had independently found 
that fuller’s earth could be used to purify cracked gasoline 
vapours But although Gray’s first patent [3] was issued 
on an application filed in 1914, it was not until 1924 that 
the first commercial umt of the Gray process was mstalled 
at Barnsdall, Oklahoma 

(The petroleum industry uses the terms ‘fuller’s earth’ 
and ‘clay’ as being loosely synonymous The terms will 
be used interchangeably in what follows ) 

Hie development of the processes is evident from the 
various patents taken out by Gray [4, 1930, 1933] 

As now operated, these processes include a preliminary 
step of separating a fraction compnsmg gasolme from the 
heavier products of cracking, a second step, frequently 
coincident with the first, in which the fraction to be treated 
is brought to the desired temperature and pressure condi- 
Uons, then the polymerizing step, wherein the gasoline is 
subjected to the action of fuller’s earth or similar matenal 
capable of causing the selective polymerization of unstable 
hydrocarbons, and finally one or more steps to separate 
the treated gasolme from polymers formed by the fuller’s 
earth and from any other hydrocarbons boiling outside the 
desuad range The Gray [8, 1933] and R K Stratford 
[14, 1930, IS, 1933] processes operate on cracked gasohne 
in vapour phase In ffie former, vapours are passed through 
one or more beds of 30-60 mesh clay under conditions 
which bring about condensation of part of the vapours, 
this serving as a solvent for the polymers formed While the 
bulk of polymerized hydrocarbons readily separate from 
the treated vapours by reason of their higher boiling-point, 
a final fractionating step is usually provided to complete 
the separation In the Stratford process, the cracked 
gasoline vapours are contacted with clay by passmg them 
up through a bubble tower of conventional design counter- 
current to a descending slurry of fine clay m a suitable 
earner such as previously treated naphtha Treated gaso- 
line IS taken off as vapour from the top of the tower, while 
the polymers are dissolved in the slurry naphtha, and with- 
drawn, with the spent clay, from the bottom of the tower 
While the above-described vapour-phase processes can be 
operated in connexion with a cracking or rerun distillation 
unit, most Gray plants are worked in the former way (and 
consequently under superatmosphenc pressure) while the 
Stratford plants in commercial use almost always treat 
rerun gasoline at or near atmospheric pressure 
The Osterstrom process differs from those desenbed m 
being essenually a hquid phase process The distillate to 
be treated is heated to 500-600° F under a pressure (about 
1 , 0001 b persq m ) sufficient to maintain it in hqmd phm 
and passed in that form through a bed of coarse clay 



16< 


REFINING PROCESSES PHYSICAL 


Polymers are dissolved in the gasoline being treated, and 
separated from it in a flash distillation step following the 
clay treatment 

These clay-treating processes produce a refined gasoline 
of improved colour and odour with a minimum amount 
of gum, and having sufficient stability as regards colour and 
gum content to meet the usual requirements of storage and 
distnbution These results are obtained at lower costs than 
are required by acid treating the same type of cracked gaso- 
line and with lower losses of material being treated There 
IS, moreover, usually no loss of knock rating due to earth 
treatment These facts account for the widespread adop- 
tion of clay treating 

Fuller’s earth treated cracked gasohne is ready for the 
American market after bemg alkali washed or doctor sweet- 
ened Doctor sweetening usually 
improves colour stability and gum 
stabihty of the gasoline on storage, 
but reduces stabihty as regards 
exposure to light In some cases, 
where ngorous conditions of storage 
and distnbution are encountered, 
oxidation inhibitors or anti-oxi- 
dants are added to the clay-treated 
gasoline It has been reported by 
Steinmger [13, 1934] that clay- 
treated cracked gasolines are ex- 
tremely responsive to inhibitors 
The compounds removed by clay 
treating are the less stable un- 
saturated hydrocarbons This has 
been detemuned by experiments 
conducted on pure compounds, 
analyses of polymers formed, and 
so on Under ordinary (com- 
mercial) conditions of treatment 
of cracked gasohne with fuller’s 
earth alone, httle change is brought about in the sulphur 
content of the material being treated, so that clay treating 
without an accompanymg desulphurizing step is not 
adapted to cracked products from chargmg stocks of 
high sulphur content, when low sulphur content gasohne 
is required 

The gum-forming unsaturated hydrocarbons are not 
uniformly distributed in cracked gasohne, and samples 
exammed show peak concentrations m the middle boilmg 
fractions The fractions highest in gum yield the greatest 
amount of polymers on treatment and require high clay/ 
gasoline rauos The off-colour fractions are not assoaated 
with the gum-fonnmg bodies, and are most frequently 
found m the highest boiling fractions The degumming and 
decolorizing reactions of fuller’s earth on cracked gasoline 
are not the same, and treating material quite spent as 
regards one of these effects may have considerable hfe 
remaimng as regards the other 
Specifications of the fuller’s earth or other clay used in 
these processes are not critical except as regards mesh 
dimension In some cases, native clays which are not really 
fuller’s earth and which could not be adapted to the refin- 
ing of lubricating oils by percolation can be used m the 
polymerization treatment of cracked gasoline Moreover, 
the days used in these processes need not be dehydrated 
before use This, of course, can be explained by the high 
temperature of treatment, whereby the gasoline first passing 
through a fresh charge of clay acts as a drying agent The 
most important requirement is that the treating agent must 


have the selecbve polymerizmg action described It is due 
chiefly to the low cost of fuller’s earth and its selectivity of 
action that it has been the most widely used treating agent 
In the processes employing coarse fuller’s earth, the 
treating material can be revivified after use by roasting in 
multiple hearth type furnaces [9, 1926] Thus, clay from 
Gray tower installations is completely revivified by roasting 
at temperatures somewhat lower than those required for 
recovering clays used in the percolaUon of lubncaung oils 
In view of the low cost of treating matenal, however, this 
recovery step is not pracUsed except m plants usmg large 
amounts of clay for treating lubricating oil Clay has been 
reburned and reused as many as 20 times in the Gray 
towers at one plant, and can also be used in lubricating 
oil percolation after rebuming In one installation of the 


Stratford process fine clay, spent as regards contact treat- 
ment of lubncating oils, is made into a slurry without 
revivification and used m the Stratford process with good 
effect Throughputs per ton of clay are so large and 
amounts of clay used m any plant so small that there has 
been no work done on the commercial revivification of clay 
from the Osterstrom process Where spent clay is not 
rebumed, it is discarded, frequently being used as fuel 

Detailed discussions of the processes, the manner of 
working them, and results obtamed are given below 

The Gray Process 

A flow diagram, showing the important features of a 
modem two-stage (senes) installation, is given m Fig 1 
Cracked gasoline vapours from the fractionatmg tower of 
the crackmg plant are separated mto two portions One of 
these is condensed without treatment and the condensate 
used as reflux m the fractionating tower The other portion 
passes downward through a bed of fuller’s earth supported 
on a screen in the first Gray tower (or ‘polymenzer’) In 
most plants the equihbnum boilmg temperature at the 
pressure condiuons mamtamed is utilized, and a portion 
of the vapours condense m the clay bed Where the 
condensate so produced is insuflkient m amount to fulfil 
Its function, provision is made to mtroduce from an exter- 
nal source, or by additional coohng, the required amount 
of solvent, usually condensate of the treated vapours 
Polymers, produced by the reaction of the unstable un- 
saturated hydrocarbons m the presence of the day, are 



Fio 1 Flow diagram, the Cray process 








FULLER’S EARTH TREATMENT OF CRACKED GASOLINE 


largely dissolved in the condensate and dram from the clay 
with the aid of the vapour stream Partly refined vapours, 
and the solution of polymers in condensate, pass through 
the screen into the separating zone beneath Here the vapour 
veloaty is maintained at a point sufficiently low to cause the 
bulk of hqiud particles to drop out A further separation of 
vapours from entramed liquid is effected in a mist separa- 
tor or ‘knockout drum’ of conventional design built into 
the vapour line connecting the two towers The partially 
refined vapours pass next through the second polymerizer, 
where they expenence further refinement (In most plants 
usmg series flow, the bulk of the purification, expressed m 
terms of percentage, gum removal, or by any other index, 
takes place m the first clay tower The second tower is 
used to ‘finish’, or bnng the treated gasoline up to high 
spcafication standards [8, 1933] In this way, a much 
greater throughput of treated gasoline per ton of adsorbent 
IS obtained than can be effected by single or parallel flow 
The connexions between the towers are so arranged that 
the order of flow can be reversed, so that the clay need be 
changed in only one tower at a time and the vessel contain- 
ing the fresh clay can always be the second one in the series 
After the utility of a charge of earth as ‘finishmg stage’ is 
spent. It still has considerable useful life in the first stage 
The reason may perhaps be found in the higher reactivity 
of the more readily removed unsaturates ) Vapours from 
the final treating stage pass through a final fractionaUng 
tower, called the ‘polymer bubble tower’, where they are 
completely separated from polymers and adjusted to the 
desired final boiUng-pomt This is especially unportant in 
cases where the mam bubble tower produces naphtha of a 
higher boiling range than that permitted by the gasoline 
specifications Such a condition may be brought about 
when It IS desired to present the vapours for treatment at a 
higher temperature than would be possible if an end-pomt 
gasoline were maintained at or near its equilibrium boihng- 
point The most conveiuent way to accomplish this end 
without superheatmg the vapours or mcreasing the pressure 
on the system is to adjust the operation of the fractionaUng 
column so as to produce a fraction havmg a correspond- 
ingly higher cnd-point, relying on the polymer bubble 
tower for the final adjustment In such cases a side stream 
may be cut from this last tower, having furnace oil or dis- 
tillate boiling range and refined as regards colour, carbon 
content, &c , although containing products of polymeriza- 
tion of the gasoline fraction 
Polymer solutions from the two clay towers may be kept 
separate or combined The underflow from the second 
tower m series is usually, m any event, mixed with the 
bottoms from the polymer bubble tower for disposal While 
the total amount of ‘polymer fractions’ (polymers dis- 
solved in gasohne condensates) ranges from 8 to IS % and 
more, based on the gasoline treated, the major portion of 
this matenal is condensed gasohne, the total amount of 
true polymers produced ranging from i to 14% (These 
figures do not apply to highly cracked ‘vapour-phase’ 
gasolines, which give much hi^er polymer production ) 
In order to avoid any loss of consutuents in the gasolme 
range, the polymer fraction is recirculated to selected 
pomts m the system, depending on the type of disUlla- 
tion iimt and the operations conducted in it Where the 
day towers are coimected with a cracking umt of con- 
ventional type, the polymer fracUon from the first tower 
may be pumped to the evaporator, while that from the 
second tower and polymer bubble tower bottoms are re- 
turned to the mam bubble tower In this way, the gasohne 


finds Its way back into the vapour stream, hghter polymers 
are recycled for crackmg and the heaviest polymers, which 
most operators prefer to keep out of the cracking tubes, 
are removed with the tar 

The true polymers produced by the process have been 
found by elementary analysis to be hydrocarbons with a 
high carbon/hydrogen ratio, denotmg a complex structure 
Their molecular weight indicates that they probably range 
from di- and tn-polymers to heavier compounds They 
lend themselves readily to oxidation, possess drying proper- 
ties, and have m some cases found industnal appheauon 
Although of high viscosity, their viscosity-temperature 
charactenstics are poor 

The polymerization reaction is exothermic, and when 
the vapours of cracked gasolme are turned into a cham- 
ber filled with fresh fuller’s earth a rise of 30° F m tempera- 
ture IS not at all unusual This temperature diflerential 
gradually decreases durmg the first week of operation until 
It finally settles down to 5 or 10° F, m which range it 
usually remains for the duration of the clay cycle During 
the period when the temperdture of the outlet vapours is 
15-30° F higher than the inlet vapours, an increase in the 
end-pomt of the gasoline is observed, due to carrying over 
of polymers This is corrected in the polymer bubble 
tower 

Although some plants are being operated at substantially 
atmospheric pressure, the largest proportion of Gray pro- 
cess operations is earned out m the 50-100 lb per sq in 
range, with some mstallations workmg under pressures as 
high as 400 lb The higher pressures result in more efiec- 
tive polymerization and greater operating economy from 
the sUndpomt of higher throughputs per ton of ad- 
sorbent, although this is usually accompanied by somewhat 
higher polymer losses than those obtamed from lower 
pressure operation Treating temperatures range from 280 
to 500° F 

The optimum rate of treatment vanes with the distillate 
to be refined and the specification desired in the finished 
product In most plants, treaUng rates are in the range from 
1 to 4 barrels per ton of fuller’s earth per hour, but lower 
and higher rates are also observed, the upper hmit of com- 
mercial operation being about 6 bbl per ton per hour The 
higher rates, however, arc not advisable where low copper 
dish gum tests are required on the finished products, and 
are employed m plants using anti-oxidants after the fuller’s 
earth tieaUnent One such plant, with a high treaUng rate, 
IS being operated in connexion with the large Combina- 
tion Unit of the Pan Amencan Refimng Company at 
Texas City, Texas As shown in the photograph Fig 2 
and described by Price and Brandt [11, 1935], it has four 
Gray towers in parallel, followed by a single polymer 
bubble tower Some authorities [13, 1934] consider the 
time of contact an important factor, although differences 
m temperature and pressure of treatment make time of 
contact less significant than might appear to be the case 
Contact times of as little as twenty seconds and as high 
as fifteen minutes have been obsen^ There seems to be 
no danger of over-treatment, there being no loss in octane 
number even after prolonged treatment, and only small 
differences are observed ui the amount of polymer forma- 
tion Consequently, high treating rates (short time of 
contact) are justified only wlien the cost of equipment 
increases rapidly with its size, as is the case in installations 
for high working pressure 

Treating tune, however expressed, depends only on the 
cubical contents of the clay bed, and not on its shape, but 
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vapour veloaty depends on the dimensions of the treating 
zone With downward flow of vapours, which has been 
found desirable, high vapour velocities are preferred 
because they help to dram the polymers out of the clay 
Contranwise, deep beds of small diameter cause increased 
pressure difierenual, and the operation of the distillation 
umt limits the pressure drop allowable for a given treatmg 
system (It has been found that the pressure drop through 
the clay follows the relationship developed by Fancher and 
Lewis [2, 1933] for the flow of fluids through sand beds ) 
There is, however, considerable flexibility allowed the 
designer of clay treating equipment, as evidenced by the 
fact that in the refineries of a smgle company there are 
towers in commercial operation having clay beds 8 ft high 
by 25 ft diameter and 28 ft high 
by 6 ft diameter, respectively 
The fuller’s earth capaaty of Gray 
towers in commercial use has 
ranged from 4 to 100 tons 
The Gray process is m extensive 
use in the United States, Canada, 
the Argentine, Roumania, and 
Japan It is treating cracked gaso- 
Ime produced by the Cross, Dubbs, 

Holmes-Manley, Tank and Tube, 

(Combination and other types of 
cracking units operating on gas oil 
and fuel oil charging stocks from 
many types of crude and also re- 
formed and polymer gasohnes One 
ton of fuller’s earth treats from 1 ,000 
to 30,000 barrels of cracked gaso- 
line, depending on the type of crack- 
ing plant, the oil char^ to it, and 
the refinery specifications fortreated 
cracked gasoline In general, highly 
cracked products require more clay 
than those more moderately heat treated, products of fuel 
oil charging stocks more than those from distillates, and 
naphthenic products more than those of higher paraffmicity 
Table II summarizes operatmg conditions and results at a 
represenUtive plant More complete data on single versus 
senes operation, results on different gasohnes, effect on 
octane number, costs and the like can be found m the paper 
presented by the wnter [8] to the World Petroleum Con- 
gress m July, 1933 

Table n 

Results from Cray Process Operations 
Type cracking unit Holmes Manley 
Charging stock 28“ API Reduced Crude 
Cracking temperature 965-70° F 

Gray towers Two (series) followed by polymer bubble tower 

Bbl per ton per hour 1 21 

Qay treabng temperature 415-35° F 

Oay treating pressure 150-75 lb per sq in 

Throughout per ton of fuller s earth 3,700 bbL 

Polymers produced 115% 

Tests on treated gasoline after doctor sweetening 
Gravity 58-60° 

IBP 80° F 

F B P 392° F 

Octane no 70 

Colour (Saybolt) 30 (after 90 days’ storage 28) 

Induction period 2 5-3 5 hours 

Gum (copper dish) 2 mg (after 90 days’ storage 3 mg ) 

Hie Osteistrom Process 

The flow diagram given in Fig 3 shows a typical installa- 
uon of the Osterstrom process Raw distillate to the treating 
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umt IS obtained by condensmg the cracked product, which 
m most commercial installations is Gyro gasohne This 
material is heated to the required temperature, usually 
between 500 and 600“ F , in the pipe-still and then passed 
through the bed of clay in a small treating vessel The 
vessels used are 24 to 36 in m diameter and contam a 
charge of from 2 to 4 tons of 30-60 mesh fuller’s earth 
Such a charge is sufficient to treat as much as 2,500 barrels 
of cracked gasolme per day A pressure of the order of 
l.fWO lb per sq in is maintained in the treatmg chamber 
and IS released through a manually controlled valve at the 
chamber outlet Polymerization takes place in the pipe- 
still as well as m the clay chamber and the polymers formed 
are removed by solution m the treated liquid The products 



leaving the treating chamber are flashed at a lower pressure 
(25 lb per sq in ) and the gasoline separated from higher 
boiling constituents in a fractionatmg tower When the 
contained heat is not sufficient to effect this separation, 
additional heat is supplied either by recirculating the frac- 
tionating tower bottoms through a coil in the convection 
section of the pipe-still or by other means 

In the case of the Osterstrom process, as m the Gray 
process already discussed, the treating reaction is exo- 
thermic and a nse in temperature of from 5 to 40° F is 
noted as the hqmds pass through the treating chamber 
Pressure drop through the apparatus ranges from 25 lb 
when the clay is fresh to upwards of 100 lb as the clay 
becomes clogged with insoluble unpunties This does not 
occur, however, until large quantities of gasoline have been 
refined In some cases as much as 70,000 barrels of Gyro 
gasoline have been treated per ton of fuller’s earth. When 
applied to Gyro gasoline, polymer losses of 5-7 % have been 
reported They are said to be very much lower on less 
highly cracked products, but the exact figures are not 
available 

In most plants where this process is used colour better 
than 17-20 Saybolt is not required -and operating condi- 
tions are mamtained so as to produce this gum content of 
the treated spirits, for the yields mdicated above are m- 
vanably below 10 mg per 100 c c and usually under 5. 
If desired, a gasoline having better colour characteristics 
can be obtained at the expense of increased fractionation 
capacity in the polymer separating tower 
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Table III 

Representative Osterstrom High-pressure Clay-treating 
Data 

Gyro distillate from Mid-Cominem 
and Michigan Reduced Crude Oils 


Operating data 

Throughput, barrels per day 2,500-4,000 

Pressure, pounds ],000 

Temp tube still outlet 550-80 

Temp clay chamber outlet 580-630 

Total charge, barrels 166,342 


Clay yield, 71,947 barrels of finished gasoline per ton 
of clay 

Note One charge of clay was used for approximately 41 months 
Tests on products 

I Finished Gyro 

Chargin g slock I gasoline Polymers 

Gray 54 4 ' 54 7 23 9 

IBP 87 I 90 416 

10% 136 ' 129 438 

20% 165 I 166 448 

50% 263 ; 265 

90% 387 393 

EP 435 I 417 

%at500‘'F I 49% 

Colour I 16-22 



The finished Gyro gasoline showed an induction period of 4 hours 
plus, by the oxygen bomb method 

• (Preformed) 

The Osterstrom process is used in the United States and 
Japan Although developed especially to treat high octane 


number gasoline prepared by Gyro and similar cracking 
processes, where it is desirable to separate the highly reac- 
tive fixed gas from the gasoline before treatment, the 
Osterstrom process is also used to refine Cross cracked 
gasoline and reformed naphtha 

Table III gives operating conditions and results of an 
application of the Osterstrom process 

The R. K. Stratford Process 

The flow diagram of the R K Stratford process is 
shown in Fig 4 Virtually all the commercial installa- 
tions of this process m operation at the time of writing are 
on the rerun basis Cracked distillate is washed with alkali 
and IS then charged to the rerun unit (which may, of course, 
be a pipe still although a shell still is shown in the figure) 
where it is vaponzed and the vapours passed to a con- 
ventional fractionating column The vapours removed 
overhead from this column have an end-point higher than 
those of the desired gasoline since a temperature drop of 
10-20° F IS experienced in the treating tower Vapours to 
be treated are introduced at the bottom of the treating 
tower and pass upwards counter-current to a descendmg 
slurry of clay in treated gasolme, which is introduced just 
below the top plate The clay slurry mixture is prepared 
in a mixing tank, where it is kept in agitation by paddles 
driven at about 30 r p m The slurry is pumped from this 
tank by means of a tnplex reciprocating pump to the treat- 
ing tower 

Treated vapours leaving the top of the treatmg tower are 
passed through heat exchangers and condensers in the 
conventional manner The slurry passing out of the bottom 



Fio 4 Flow diagram, R K Stratford process 
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of the treating tower is collected in a settling tank, where a 
preliminary separation of part of the liquid is effected, and 
the oil so separated is pumped to the middle of the 
fractionating column These separators are supplied in 
pairs, so that when one fills up the other is used, while the 
remamder of the oil from the clay mixture in the first 
separator is removed m vacuo by heat exchange with still 
bottoms 

A typical plant having a treating capacity of 2,400 barrels 
per day comprises a 7i-ft diameter treating tower ap- 
proximately 30 ft high with 12 bubble trays These trays 
are equipped with S^n weirs so that the depth of slurry 
on each tray is at least this height 

About 200-250 gal of slurry containmg approximately 
250 lb of fine fuller’s earth (200 mesh) is charged to the 
treaung tower per hour, the concentration of clay depend- 
mg on the type of gasoline bemg treated and the results 
desued 

The clay is maintained m suspension during the passage 
of the sluriy down the tower by means of agitation due to 
vapours bubbling through the pool on each plate Samples 
taken at mtermedmte points show the percentage of clay 
m the slurry to be substantially uniform, and inspection of 
the treating tower after 90 days of continuous operation 
showed no clogging of the bubble trays due to clay This 
process is in use at 6 refineries in Canada and Peru with 
a total treatmg capacity of approxunately 30,000 barrels 
of cracked gasoline per day A summary of operatmg 
conditions and results is given in Table IV 

The outstanding characteristic of the Stratford process 
IS Its extreme flexibihty, as both the proportion of clay m 
the sluriy and the rate with which the slurry is pumped 
mto the tower may be varied Since fine clay is used, it is 
possible to utilize activated clays of the acid-treated type 
Another advantage is the uniformity of the product, smce 
this IS actually a continuous process Comparatively small 
amounts of cracked gasoline are treated per ton of clay 
used, optimum results in most cases being obtained at 
ratios m the range of 800-1 ,000 barrels of gasolme per ton 
of adsorbent 

In addition to the processes described above, others have 
been suggested. Some have reached the stage of com- 



Summary 

Charged to still 125-30 bbl per hour 

Colour-rundown tank 30 

Vapour temp top of bubble lower 295° F 

Pounds of clay per in of slurry 21 

Vapour temp top of clay tower 280-5“ F 

Pumping rate of slurry 12 m (240 gal ) per hour 


mercial application although not m widespread use Of 
these perhaps the most important is another process [7, 
1931] developed by Osterstrom and his associates at The 
Pure Oil Company in which the gasoline to be treated is 
mixed with fine clay and then passed to a heating zone 
where it is raised to polymerization conditions of tempera- 
ture and pressure The mixture of clay and oil is then re- 
moved from the heating zone, the clay separated from the 
oil and tlie latter flashed to remove polymers This process 
was in commercial use several years ago but was replaced 
by the liquid phase process already desenbed, which was 
found to be much more economical 
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ACID-TREATED CLAYS 

By B. A STAGNER, PhD 

Consulting Chemical Engineer, Los Angeles, Caltfon 


Certain kinds of clays when brought into intimate contact 
with unrefined or partly refined petroleum products possess 
the property of selectively removing undesirable consti- 
tuents from the oil In their natural state some of these 
clays, such as fuller’s earths and some of the Death Valley 
clays, are efficient adsorbents and require only drying and 
millmg to prepare them for use There are other clays 
which have no, or very httle, selective power of adsorption 
m their natural state, but which, when properly treated with 
acid, become far more efficient than the naturally active 
clays 

The fuller's earth can be milled to a fine powder, 200 
mesh or finer, and then intimately commingled with the oil 
and filtered therefrom in ‘contact’ refining, or it can be 
crushed to grams of 16 to 90 mesh and packed firmly in 
deep beds m towers, and the oil passed through the packed 
material m ‘percolation’ refining Powdered clay cannot 
be used commercially in percolators because it quickly 
becomes impervious to the flow of the oil In the activation 
of a clay with acid, the clay either crumbles or is reduced 
to a fine state of division, and consequently the activated 
clay IS available only for contact and not for percolation 
processes This article, therefore, deals only with the 
activated clays in the contact refining of mineral oils The 
acid-activated clays are for the most part employed in 
the contact refining in substantially the same manner as 
the naturally active clays A discussion of contact refimng 
is presented elsewhere in this treatise 

Origin of Bleaching Clays 

The naturally active clays and those activated by acid 
treatment are all degradation products of igneous rock, 
particularly of volcanic ash, and practically all such clays 
m Amenca now exist as sedunentary deposits 
Some of the best-known naturally acuve clays or fuller’s 
earths are those of Georgia, Florida, Death Valley, Eng- 
land, and Japan Those in the south eastern part of the 
Umted States and in the Death Valley region of Califorma 
are highly efficient, but the cost of shipment of the Death 
Valley clay prevents an extensive market outside Cali- 
fornia. 

The fuller’s earths have become activated by weathenng 
and water leachmg under favourable natural conditions 
P G Nutting [22, 23, 1933] thinks it is possible that the 
clays, such as bentonites, glaucomtes, &c , which can be 
activated by acid occupy an intermediate degradation stage 
between an origmal igneous rock, such as volcanic ash or 
volcanic tufif, and the active fuller’s earths in that they have 
been decomposed under conditions of thorough weathenng, 
but of even more limited water-lcaching than the active 
fuller’s earths The fuller’s earths have thus been leached 
under very special conditions much farther with pure water 
or more probably with weakly acidic water Neither of 
these two types of clay has in its disintegration process 
gone so far as to become inactive clay or soil 
Of the clays that are naturally inactive but suscepuble 
to activation, bentomte is the best representative because 
of Its abundance and ease of handimg For a discussion of 


bentonite, see the works of Raymond B Ladoo [12, 1921 , 
13. 1925], H S Spence [28, 1924], C W Davis and H C 
Vacher [5, 1928], and J W Mellor [16, 1925] 

Bentomtes are deposited widely over the world They 
occur in North America in Canada, British Columbia, 
Wyoming. Nevada, California, Texas, Arizona (the highly 
activated adsorbent Filtrol is produced from the deposits 
in the vicinity of Chambers, Arizona), and m several other 
States Many of the deposits are too thin for economi- 
cal minmg and may contain impurities that cannot be 
activated 

Montmonllonite, beideUite, indianaite, halloysite, See , 
are included in the general classification of bentonite 
However, other types of earths are found that can be 
activated as well as the bentonites, but they are not so 
accessible nor easily handled Among these arc the marme 
secondary mmeral glaucomte and certain partly decom- 
posed Igneous rocks low m silicate and high in bases (sec 
Table II and comments) 

The bentomtes consist mamly of hydrous alummium 
silicate and usually contam from 5 to 15% of alkahs or 
alkaline earth oxides They have no narrowly fixed chemi- 
cal composition, and their physical properties are not 
constant 

C S Ross and E V Shannon [26, 1926] have assumed 
that a formula R'DRlTOsSSiOtS— 7HiO can be used to 
represent fairly accurately the molecule of pure bentomte, 
the symbol R’ representing divalent Ca or Mg atoms, and 
if" tnvalent A1 or Fe atoms 
The basic elements sodium, potassium, calcium and 
magnesium, &c , m the bentomte molecule are subject to 
exchange or displacement by other bases, a property com- 
mercialized m the well-known zeolite for water sofiemng 
Consequently, bentonitic clays from different deposits, or 
from difiercnt sections of the same deposit, may show 
marked vanations m then composition from this one cause 
alone In this base exchange, perhaps all the bentomtes 
permit the easy replacement of the alkaline and alkalme 
earth oxides, one with another Thus the sodium and 
potassium atoms are exchangeable with the calcium and 
magnesium atoms, as illustrated m the reversible equation 
2Naa-l-CaO A1,0, 5SiO. 

CaCl,+Na,0 A1,0, 5SiO, 

The base exchange may well account for the high content 
of magnesium m much of the naturally active clays found 
m and near Death Valley 

C W Davis and L R Messer [4, 1929] show the analyses 
of some adsorbents and clays in Table I. They pomt out 
that samples A and B of Table I are both good adsorbents 
and differ markedly from each other, whereas clay C, quite 
similar to B, has no bleaching action and cannot be 
activated In a general way the composition of active 
fuller’s earths is informative, however, for their ratio of 
silica to alumma is much higher than that of kaolm, rangmg 
m fuller’s earth from about 4-6 to 1 
The raw bentomtes suitable for activation usually have 
a sihca to alumina ratio of from 2-3 to 1 (samples E and F, 
Table I), which ratio is intermediate between active fuller’s 
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earths and kaolin. The acid treatment of the bentonite 
(sample F) raises its ratio of silica to alumina to 5 or more 
to 1 (sample G), which equals or even exceeds the ratio m 
fuller’s earth 


Analyses of Adsorbents and Clays 



Sample D of Table I is of special interest It is typical 
of the naturally active magnesium silicate clays of the 
Death Valley region Its low content of alummium and 
high content of magnesium differentiate it from the bento- 
nite clays, although P G Nutting [20, 21, 1933] thinks it 
IS possible that this clay comes from a bentonite that has 
undergone much base exchange and become activated 
through natural processes 

In the fuller’s earths and the bentonites the amount of 
moisture driven from the clay between SO and 200° C is 
higher than m a kaolm type of clay, and Nutting [23, 1933] 
suggests that this charactenstic may be common to all types 
of efficient hydrous adsorbents except the Death Valley 
days that have the high percentage of magnesium The 
rise of adsorbent power with this characteristic loss of 
water of constituUon is used by Nutting in support of the 
‘open bond’ theory for adsorbent activity, which is later 
discussed briefly 

Bentonite when wetted may absorb several times its 
volume of water and expand six- or eightfold, but all 
samples do not show this behaviour, nor is it an mdication 
that the clay can be activated 

Activation of Clays with Add 

V Salmi [27, 1926], in a fairly representative laboratory 
activation process, boiled a kilo of bentonite, sample Fof 
Table I, with 2,000 ml of sulphuric acid of 17% strength 
for 3 hoiu3, filtered out the clay, and washed it with dis- 
tilled water until acid could no longer be detected m the 
filtrate The clay was then dned to a moisture content of 
about 1S% and ground to pass through a 200-mesh screen 
In actual practice the washmg is usually contmued unul 
the wash water contains about 0 2 to 0 5 % acid Should 
the day be washed with hard water after the aad is 
neutralized, the clay is injured by absorbing basic ions from 
the water 

O Burghardt [2, 1931] describes the activation of a 
German hydrous alummium sihcate, called ‘Isartone’, 
doubtless a bentonite, and shows a detailed schematic 
arrangement for the mechanical operations, the pnncipal 
steps of which are 


1 Mixing the raw clay with water to form a thick shme 

2 Adding acid to the clay-water slime, heating and 
agitating with hve steam, and digestmg at 103° C 
(220° F) 

3 Filter-pressing and washmg the clay m the press with 
fresh water to remove free acid and dissolved salts 

4 Drying the clay m a rotary kiln with gentle heating 

5 Milling the clay so that 85-90% passes through 180- 
mesh screen 

He states that he uses 028-0 30 lb actual hydrogen 
chloride per pound of raw clay, but does not give its con- 
centration He finds that the clay activates equally well 
with hydrochloric and sulphuric acids, but the sulphuric 
acid requires more time for the digestion, 5 or 6 hours 
instead of 2 or 3, and the clay after contact with an oil 
gives more trouble in the filtermg process 

For further details of plant practice m the activation of 
clay with acid, the reader should consult the publication 
of E R Lederer and E W Zubhn [14, 1932] and patents 
issued to P W Prutzman and C J Von Bibra [25, 1923], 
to M L Chappell, R F Davis, and M M Moore [3, 
1927], to W S Bayhs [1, 1930], and to M J Welsh 
[29, 1915] 

P G NutUng [20, 21 , 22, 23, 1 933] has made an extensive 
study of the acid activation of different types of clays and 
the influence on the activation of the kind and concentra- 
tion of acid, the amount of clay leached away, Ac He 
determined the bleaching activity of the clay after it was 
ground to 150 mesh and dried for 1 hour at 160-200° C 
by supporting a 1-in layer of the clay in a vertical glass 
test-tube and filtering oil through the layer at normal tem- 
peratures The oil used for this purpose was a black Cali- 
fornia crude, having about the same resistance to bleaching 
as a Pennsylvania cylmder stock (not acid-treated) diluted 
with an equal volume of naphtha The volumes of the oil 
were read that filtered through water-white, green, yellow, 
and red The ratio of the volume of the bleached oil to 
the volume of the clay was taken as the measure of the 
decolonzing power of the clay The best clay completely 
decolorized about 2 volumes of oil, and its efficiency was 
therefore rated as 2 

Some of the data derived from the more unportant earths 
are shown in Table II The bleach-rating data m this table 
refer to the volume of oil bleached water-white at normal 
temperatures 

Concerning the method of determining the comparative 
efficiencies of the clays in this somewhat arbitrary manner. 
It may be said that no one method of evaluatmg a clay can 
be reUed on when the clay is applied to a different oil or 
to the same oil under appreciably different conditions 
Nuttmg found in these experiments that the bleach ratings 
were about twice as high when the oil was filtered at 200- 
350° C uistead of at normal temperatures Obviously the 
laboratory tests and the refinery operations should be 
closely correlated 

The first of the two columns under ’Bleach Rating’ in 
Table II shows the efficiency of the raw clays based on the 
volume of water-white oil filtered The next column shows 
the maxunum efficiency obtamable by the acid activation 
of the raw clay Some of the natui^ly active clays are 
shown to be degraded by the aad treatment. Column 3 
shows the total percentage of clay that is extracted hy the 
add at the time the clay is given its maximum activity. 
The next 4 columns show separately the relative propor- 
uons of iron, alummium, c^um, and magneuum ex- 
tracted 
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3/eaeh rating 

Clay 

extracted, 

% 

Soluble {scale of 10) 

Weight loss, % 


Raw 

Ac Md 


A1 

Ca 

Mg 

25-160° C 

160-400° C 

1 Attapulgus 

08 

05 

18 6 

4 

4 

I 

1 

32 

96 

2 Quincy 

07 

06 

25 6 

4 

3 

3 


46 

10 5 

3 San Antonio 

07 

1 1 

11 1 

6 

3 



1 5 

52 

4 Olmstead 

06 

03 

23 3 

7 

3 

0 


23 

5 1 

5 Death Valley 

1 8 

1 2 

24 9 




8 

32 

62 

6 Tehacbapi 

1 1 

1 1 

13 1 

4 

4 


2 

56 

70 

7 Chambers 

06 

20 

22 6 

5 

4 



68 

8 1 

8 English earth 


20 

19 9 

5 

4 



90 

57 

9 Japanese 

1 0 

1 1 

14 2 

3 

6 

1 

0 

9 I 

53 

10 N C dunite 

1 2 

1 2 

400 

5 

0 

0 

5 

4 1 

92 

II Otay, Calif, bentomte 

05 

1 8 

31 3 

2 

8 


0 

11 3 

52 

12 Silver aiff 

08 

20 

307 


7 

1 

I 

144 

56 

13 Westcliffe 

1 3 

1 9 

315 

0 

7 

2 

1 

161 

48 

14 Santa Rita 

08 

I 5 

217 

1 

8 



12 2 

65 

U Laurel i 

07 

20 

414 

4 

4 

2 

0 

168 

62 

16 Evansville 

04 

13 

47 

4 

3 

3 

0 

37 

64 

17 W Tenn 

10 1 

1 9 

27 9 

4 

1 5 

1 1 


69 

56 

18 Midway ! 

07 

08 

33 0 1 

2 

1 2 

1 6 


66 

13 3 

19 Commercial fuller's earth i 

13 1 

1 6 

26 3 1 

3 

2 

3 

2 

68 

10 0 

20 Halloysite 

10 1 

1 4 

42 9 

® 

1 


0 

94 

14 2 

21 Woodward ' 

06 

17 

41 0 1 

5 

1 4 

1 


13 1 

112 

22 Saline I 

08 

I 6 

29 5 1 

3 1 

' 5 i 

2 1 

0 

14 6 

69 

23 Cordeic , 

13 

•3 1 

15 1 1 

4 1 

1 3 

1 1 


20 

88 

24 Musselwhite i 

09 

1 8 i 

30 6 1 

5 

4 

1 


54 

86 

25 Fort Caines | 

1 3 

14 , 

45 1 

5 

4 

1 ; 


43 

60 

26 Chickamauga 1 

1 0 

1 9 ' 

20 7 1 

3 

* 

2 1 


27 

72 

27 Wyoming bentomte i 

07 

1 ^ 1 

19 7 

3 1 

3 j 

2 


63 

59 

28 N J glauconite 1 

12 


433 

9 { 

1 

0 

0 

19 

5 1 

29 Md glauconite ' 

1 2 

1 7 1 

38 3 

10 1 

0 1 



35 

59 

30 Bavarian bentonite | 

07 1 

20 ! 

21 9 1 

3 1 


3 i 

0 

n 0 

55 


• Trace 


NutUng makes the following comments on the samples 
of clay in Table 11 

‘Clays 1-9, 11, and 18 are well-known commercial 
clays, 10 IS a decomposed olivine rock from near Web- 
ster, N C , 12 and 13 are pink bentonites from Colorado, 
14 IS a similar bentonite from Santa Rita, N Mex , IS is 
a brown waxy bentomte from near Laurel, Miss , 16 is a 
green bentomte from eastern Tennessee, 17 is a sedi- 
mentary clay, possibly a reworked bentomte from a bank 
of the Teimessee River sent m by Prof Walter H Bucher 
of Cincinnati, 19 is a “fuller’s earth” supphed by a 
chemical supply house, 20, homy white halloysite from 
near Rome, Ga , 21 is from the S-foot deposit being 
worked near Woodward, Okla , apparently an impure 
bentonite, 22, bentonite from Saline County, central 
Arkansas, submitted by State Geologist J C Branner, 
23, 24, and 2S are central Georgia clays submitted by 
Poole Maynard, Atlanta, Ga , 26 is an Ordovician ben- 
tomte, greenish grey, very like shale m texture ’ 


Optimom Leaching in Aad Activation 
From the data obtained m the acid acuvation of several 
days. Nutting [22, 1933] plotted the decolorizmg effiaencies 
agamst the per cent of clay leached out by the acid One 
of the typical figures, that of a bentomte clay from Laurel, 
Miss , IS reproduced here (Fig 1) This day is inactive 
until treated with acid 

The four curves in the plot refer, respectively, to the 
appearance first of green, then of yellow, red, and finally 
Mack, as the oil filters through the day Up to the lowest 
curve (C) the oil comes through white, but here it begins 


to show a tmge of green The second curve ( Y) shows the 
beginning of the yellow, &c 

In all the clays that can be activated, the adsorbent 
power increases to a maximum with increasmg amounts of 
acid used in leachmg, and then decreases with further incre- 
ments of the acid, as illustrated by the curves in this plot 
(Fig 1) 



n 20 30 40 

PER CENT LEACHED OUT 


Fio I Activation of a typical bentonite by acid leaching 

The efficiency figure is, of course, higher when it is based 
on the volume of oil bleached, for example, to a red colour 
rather than to the white, and, as to be expected, the ratios 
of the volumes bleached white to the volumes bleached red 
are not constant for the different clays In other words, 
some of the days, after failmg to bleach the oil to a water- 
white colour, continued to bleach the oil to a green, yeUow, 
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or red colour in relatively much larger amounts than other 
clays Each sample of oil and each sample of clay mani- 
fests its own individuahties m the bleaching processes This 
sample of activated bentonite was found to be most efficient 
in bleaching cotton-seed oil when 18-32% of its weight 
had been leached away by the acid, whereas for petroleum 
oil. It was most efficient when 27-42% had been leached 
away 

Nutting [22, 1933] finds, as a rule, that the bentomtes 
which can be highly activated have low bleaching power 
before treatment, and that if the bentonite has already been 
partially activated in nature by water or weak aad, it can- 
not be converted by the normal acid-leaching process mto 
a highly active clay Such clays go over to nearly pure 
silica, even though efforts are made to prevent this acUon 
by controlling the time, temperature, and concentration of 
the acid Some of the grains of the clay consistently leach 
more readily than others He found, however, that he 
could equahze the leaching effect on the grains by first 
adding to the acid certain soluble salts, such as the qtilorides 
of iron, aluminium, and magnesium to hydrochlonc acid, 
or the sulphates of these metals to sulphuric acid 


Table III 

Salt-acid Solution in Clay Activation 


Florida clay 
Beotonite 
Glauconite 
English earth 
Death Valley 


Not ^ 


07 
05 
1 2 
1 2 
1 8 


Acid [ 
leached | 


1 5-2 0 
1 0-1 7 
1 6-2 0 


Salt and 
acid solution 

1 8 
20 
20 
20 
20 


Table III shows the influence of the salt-acid solution on 
some typical earths The Death Valley clay, for example, 
a naturally highly efficient adsorbent which was degraded 
by the normal acid leachmg, was materially improved by 
the salt-aad combined treatment The process [24, 193S] 
may be found apphcable to earths in which certam com- 
ponents are unfavourably affected by the aad or to clays 
that are senously degraded by too much acid 
H L Kauffman [11, 1927] investigated the possibility of 
increasmg the efficiency of powdered Georgia fuller’s earth 
by treatment with acid and was able to increase it by only 
20-40% for the oils used in his tests He found that similar 
acid treatment of a bentomte clay made it several times as 
efficient as the natural fuller’s earth under investigation 
In the activation of earths with acid, the soluble magne- 
sium, aluminium, and other metallic elements are converted 
mto salts of the acid Much of the alumina, however, is 
not attacked by the acid, but remains permanently asso- 
cuited with the silica in the approximate ratio of 1 to 5-6, 
as stated above 


Concentntion of the Add used for Clay Activation 
In the activation of non-active clays the optimum con- 
centration of the acid employed usually ranges from about 
15 to 20% The amount of the dilute aad vanes for 
diffoent clays and must be determined experimentally 
P G Nutting’s tests on many samples of days confirm 
the usual observation that hydrochlonc and sulphunc aads 
of about 20% concentration give equal acUvation Even 
with clay high m calaum, he found no measurable dif- 
ferences m the bleadung effects 
C W. Davis and L. R. Messer [4, 1929] reported more 


m detail the effect of the concentraUon of sulphuric acid 
in activating clay The clay after activation was ground to 
200 mesh and commmgled with the oil at temperatures 
rangmg from 80 to 190° C The colour of the filtered oil 
was determined by an Ives tmt photometer readmg from 
0 to 100, the reading of 100 mdicating a colourless oil The 
optimum concentration of the acid usually fell in the range 
of 15 to 20%, although for one sample of lubneatmg oil 
the clay was equally well activated over a range of acid 
concentration from 20 to 50% This last effect is shown 
by the curve A m Fig 2 The colour is plotted agamst the 
concentration of the acid employed m activatmg the clay 



//e CENT CONCENTRATION 

Fig 2 Optimum concentration of acid for clay activation 
A Texaa oil C California oil 

B Oklahoma oil D Soya-bean oil 

J D Haseman [9, 1929], m a discussion of the theory 
of bleadung actions of clays, states that the average bento- 
mte can be activated with an equal weight of boilmg dilute 
sulphunc acid of 33% strength, but that halloysitc, often 
classed as a bentomte, contauung 3 tunes as much alumi- 
mum, requires much more aad for activation 

P G NutUng [22, 1933] has compared the use of dif- 
ferent amounts of hydrochlonc aad of 1 % concentration 
and of 10% concentration for the activauon of a Texas 
bentonite, which he considered typical of the bentomte 
days, and has plotted the bleach rating of the treated 
samples m the two senes against the correspondmg per- 
centage of material extracted from the clay Orig 3) The 
maxunum activity of the day treated with the 10% aad 
was about twice that of the day treated with the 1 % aad, 
although the maximum activity produced m each occurred 
when from 20 to 30% of the day was leached away. 

Joe E Meyer [17, 1930] has studied the activation of the 
bentomte near San Diego, Cahfomia (Otayhte from near 
the town Otay), and found that i lb of 20% sulphunc aad 
per pound of dry raw day gave the clay its maximum 
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adsorptive power for mineral oils Later and more exten- 
sive development of the Otaylite has confirmed Meyer’s 
data, although some parts of this practically limitless de- 
posit of clay require considerably more of the weak acid 
than found by Meyer 



Fig 3 Influence of acid strength on maximum activity of a clay 


Meyer reports the bleaching power of this activated earth 
to be from 4 to 6 times that of the best fuller's earth This 
figure, however, requires elaboration In certain cases, as 
in bleaching a lubricating oil to a specially hght colour, the 
activated clay may be from 4 to 6 times as effective as 
the best natural earths, whereas for bleaching the oils to 
medium colours, a well-activated clay is usually from 2 to 3 
tunes as effective as the best natural earths 
Although the principal object m the application of clay 
IS that of bleaching the oil, nevertheless other effects are 
usually considered, such as the shade and stability of the 
colour, removal of resins, removal of acids, both organic 
and inorganic, resistance of the oil to oxidation, to sludge 
formation, and to emulsification with water, &c , and these 
factors must be weighed in evaluating the clay 


Temperature of Contacting Clay and Oil 
No specific temperature can be prescribed for contacting 
adsorbrats with oil, the optimum temperature for each 
individual oil and clay must be determined experimentally 
The acid-activated clay is not different m this respect from 
the naturally active clays Refiners often neglect to deter- 
mine the most economical temperatures and fail to provide 
facihties for treating at these temperatures 
Temperatures of 121-260“ C (250-500° F) are com- 
monly used This temperature may give a better mitial 
colour to a naphthene-base lubncating oil than a higher 
temperature, but the oil may soon darken to an undesirable 
blue or purple colour On the other hand, a temperature 
of 370“ C (700“ F ) may not produce so light an imtial 
colour, but the colour may be more stable, and in a month 
of storage the latter oil may change but httle and then 
actually have a better colour than the oil treated at a lower 
temperature When the colour of an oil treated at higher 
temperatures does change, it may become green rather than 
blue, and thus have a much more pleasmg appearance or 
‘outer tone’ than an oil treated at lower temperatures 
However, bleadung at 370“ C (700“ F) an aad-treated 
tranafonner oil from California petroleum yielded a much 
better initial colour than bleaching at 121-260“ C. (250- 


500“ F ), but the oil was much less resistant to oxidation 
and to sludge formation in long oxidation tests 

Obviously, au- must be completely excluded from the 
mixture of hot oil and clay Live steam is commonly used 
for this purpose, as well as for agitation It is usually 
economical to use some type of mechamcal agitation for 
thorough commmgbng (e g , energetic flow through a pipe 
still) and to use only enou^ steam to exclude air After 
the heating, the oil is filtered, preferably through Monel 
metal leaves, or if cloth filters are used, the oil is first 
cooled to about 120“ C (250“ F ) so that the heat will not 
mjure the cloth After being filtered, the oil is cooled to 
a non-oxidizing temperature before it is permitted to come 
into contact with air The oil from the main filter-press 
may carry an almost negligible amount of very fine clay, 
which IS often most economically removed by filtering the 
oil through a special filter-paper or ‘blotting ’-paper. 

V A Kalichevsky and J W Ramsay [10, 1933] mvesti- 
gated the influence of temperature and time in bleadung 
a sample of acid-treated Mid-Continent cylinder stock with 
two different activated earths and an untreated but efficient 
natural earth The temperature range investigated was 
from 260 to 371“ C (500-700“ F ), and the time of contact 
from an instant up to 200 mm at the indicated tempera- 
tures 

Iheir tabulated data show that with the activated clays 
the best initial colours were attained at 371“ C (700° F) 
and in about 20 mm At 315“ C (600“ F ) the maxunum 
bleaching effect with the activated earths was not attained 
in less than 2 hours, and the oil was then not bleached so 
li^t as at 371“ C (700* F ) in 20 mm The lightest colour 
produced by the naturally active earth was obtamed at 
315“ C (600“ F) and in 2 hours’ time If the bleadung 
power of the clays is based alone on the initial colours, the 
better of the two activated clays was considerably more 
than 3 times as efificient as the natural earth Other 
qualities of the bleached oils were not described 

It IS often found advisable to heat a lubricating oil and 
clay to a temperature at which the distillation loss begins 
to become excessive However, under any condition the 
oil can be condensed and returned to the mam charge or 
used for other purposes 

Optimum Amount of Moisture in Clay 

Whether the clay requires drying before use depends on 
how It IS to be used m bleaching If the oil and clay mixture 
is not heated to a temperature sufficient to dehydrate the 
clay and to develop its maximum adsorbent power, the clay 
must first be suitably dned However, if the bleadung is 
conducted at an elevated temperature, prehminary drying 
IS not necessary Refiners of lubncating oils who activate 
their ovm clay usually find it uneconomical to dry the clay 
after activatmg it, and apply it wet or in the state of a slurry 
or mud The clay m this way automatically passes through 
Its optunum state of dehydration m actual contact with the 
oil and thus develops its maximum bleaching action. 

The method of apphcation of the water and clay pulp 
is described m the patent of P W PrutzmanandC J Von 
Bibra [25, 1923], and more recently in a report of E R 
Lederer and E W. Zublm [14, 1932] 

L Gurwitsch [8, 1926] states that a sample of Flondm 
(fuller’s earth) us^ m bleaching oil at normal temperatures 
was most eflScient when the moisture content had been 
reduced to about 11 %, and that ‘sihca gel’ is most efiScient 
with about 7% moisture content, but he recognizes that 
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the amount for the various clays is not a sharply fixed 
factor In the same discussion Gurwitsch pomts out that 
a day dried to 8 or 9% water content by brief heating to 
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330-60° C decolorizes better than if dried to 5 or 6% by 
prolonged heatmg at 200-30° C Gurwitsch thinks the 
uyury comes from the smtenng of the day at the long 
penod of heatmg, but there is a possible explanaUon in the 
excessive dehydration characterized by closing of the free 
valences or open bonds, as assumed Nuttmg 
Expenence m general mdicates that if a clay, whether 
a naturally active fuller’s earth or an aod-activated clay, 
IS to be used at a normal, or a relativdy low, temperature. 
It has the greatest bleaching power if previously hnted for 
a short time at 1 60-200° C This temperature usually leaves 
4-12% water of constitution At 600-800° C the moisture 
IS expelled almost completdy and with substantial loss m 
the bleachmg action of the clay, especially for lubricating 
oils This behaviour is common to the naturally active 
clays and to the acid-activated clays, as well as to the 
adsorbents produced synthetically, such as ‘sihca gel’ and 
alumuuum hydroxide. 

Theory of Adsorption 

Although adsorption, particularly the decolorizing power 
of charcoal, has bm known for much more than a century, 
no theory of the phenomenon has thus far been advanced 
that IS entirely satisfactory The theories applymg to 
naturally active clays and to aad-activated clays are con- 
sidered to be substantially identical The phenomenon is 
certamly made up of several factors and is both physical 
and chemical, although the chemical manifestation is often 
secondary 

Forces aficctmg adsorption are the attracbon of opposite 
electrical charges on the adsorbent and the substance ad- 
sorbed and greater coherence between sinular molecules of 
the pure hquid (or oil) than between those of the hquid 
and the impurities, the effect of which is to crowd the im- 
puntMS to the outer surface of the hquid and to lower its 
surfhoe tension, whether the surface is bounded by a sohd, 
a hquid, or a gaseous material An adsorbent brought into 
contact with such a hquid adsorbs the outer layer of the 
hquid which is ndi m the impurities, and, further, if the 
adKirbent manifests a greater attraction for the unpunties 
than for the pure liquid, and ample time is provided, its 
surface is taken by the unpunties, which crowd out the 
pure liquid 

An adsorbent mamfests some chenucal aspects m ad- 
sorbmg from an oil the organic compounds which are most 
acbve chemically, whether or not these compounds have 
any influence on the surface tension of the oil Active 
clays adsorb first the unsaturated compounds and next m 
order those that contam oxygen, mtrogen, and sulphur 
The petroleum resuis are strongly adsorbed and are 
charactenzed by imsaturation and a high content of 
oxygen 

P G Nuttmg [18, 19, 1928] pomts out that m the acid 
activation of days not only the porosity of the grains is 
increased by ftie etchmg of the acid and removal of certam 
soluble constituents, but the basic atoms, calcium, magne- 
sium, sodium, &c , of the clay are displaced by hydrogen 
atoms from Ae acid These hydrogen atoms are jomed 
mdirectly to the silicon (or alummium) through oxygen 
atoms, as illustrated for simphcity m a section of a hydro- 
silicon cham, which contams about 23 % of water of com- 
position 
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The two OH groups attached to a sihcon atom are un- 
stable, and with mild heatmg, one of the hydroxyl groups 
readily umtes with the hydrogen of the other, yielding a 
molecule of water, the oxygen of the second hydroxyl group 
remaining attached to the silicon atom After the heatmg, 
many of the atoms of silicon m the cham can be represented 
in the following manner 

— Si— 

I 

O 

The two actual or potential open bonds represented by the 
vertical dotted lines extending from the silicon and the 
oxygen atoms are ready, with varymg degrees of activity, 
to become attached to certam alkyl or weakly basic radi- 
cals, causing either adhesion or a surface action producing 
insoluble sihcates Nuttmg pomts out that these com- 
pounds may be as stable as certam well-known loosely 
combmed substances, and the union cannot be severed by 
extractmg the adsorbent with any simple solvent 
The water associated with the clay which can be driven 
off by heatmg to 30° C is so loosely held that it opens no 
bonds useful in bleaching, but, on the other hand, the 
heatmg to 160-200° C is sui^ient to develop the maximum 
bleaching power Nuttmg assumes that heating the clay to 
above 200° C opens additional bonds, but it, nevertheless, 
closes some that were already open 
When the hydrous silica (or any active clay) is heated to 
800-1,000° C , It loses its total content of water and is then 
without power again to absorb moisture The latter theory 
IS m agreement with the fact that the clay is injured if 
heated out of contact with the oil to as high a temperature 
as can be advantageously employed if the clay is first mixed 
with the oil The latter process may be considered as a 
‘fixation’ of the open bonds by the adsorbed material as 
fast as they are opened by the rising temperature 
E R LedeierandE W Zubhn[14, 1932] lend credence 
to the open-bond theory, but point out that it cannot apply 
to a revivified adsorbent which after use has been igmted 
at 423-83° C (800-900° F ) and still possesses 73% of its 
ongmal adsorptive properties when re-used under condi- 
tions precluding any addition of OH groups or formation 
of open bonds 

An extensive review of the theories of adsorption is not 
attempted here, and if further information is dbsiied, the 
reader is referred to the works of L Gurwitsch [8, 1926], 

R O Meador [13, 1928], M E Fogle and H L Olm 
(7. 1933], J D Haseman [9, 1929], Otto Eckart [6, 1934], 

P G Nuttmg [18, 23, 1933], and E R Lederer and E W. 
Zubbn [14, 1932] 

Genendizstloiis AppIkaUe to Activated days 
In many parts of the world deposits of different types of 
clays exist which can be converted by treatment with acid 
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into highly active adsorbents for refining petroleum pro- 
ducts. The days are reduced to a powder m the activation, 
and are then apphcable only to contact refining. 

The highest adsorbent activity is usually imparted to 
clays that have httle or no activity m their natural state. 

The Tm niimum activity IS developed when only part of 
the total extractable material is leached from the day by 
the acid The optimum concentration of the acid is from 
15 to 20% , a hij^er or lower concentration usually imparts 
less activity. 


Sulphuric and hydrochloric acids are the most econo- 
mical acids to use, m North America sulphunc acid is 
commonly used. 

In bleaching oils at normal temperatures the activated 
day IS used only in a dry condition, but in bleadung at 
elevated temperatures the clay can be used either dry or 
as a wet slurry or pulp 

The optunum temperature of contact is a characteristic 
of the day and of the oil and must be determined experi- 
mentally 
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THE CHEMISTRY OF THE REFINING OF LIGHT DISTILLATES 

ByS.F.BnCH,l>k.D. 
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I. INTRODUCTION 

Light petroleum distillates, whether strai^t or cracked, 
an ranly if ever obtained m a condition suitable for the 
purpose for which they are ultunately intended Almost 
without exception the former in the unrefined state possess 
an unpleasant odour and an corrosive to such metals as 
copper and zinc, while the latter m addition either contam 
gummy substances or produce them on storage While 
colour m itself is of httle consequence it fnquently denotes 
that gum or gum-formmg compounds an present To 
eluninate these objectionable qualities, the raw distillates 
must be submitted to one or mon refining operations, 
consistmg of treatments with chemical reagents or, less 
frequently, with adsorbent materials capable of altering 
chemically or nmovmg the substances responsible The 
mom commonly employed processes wen onginally 
developed in the early days of the petroleum industry by 
purely empirical methods largely based upon common 
practice m the still older coal-tar and shale industries 
These nlied almost entinly upon acid and soda and it is 
mdeed nmarkable that to-day they an still the most 
widely employed, although the manner of their apphcatton 
has been considerably improved, particularly m the mom 
up-to-date nfinenes 

Although the chemical processes involved in nhnmg 
differ very mudi amongst themselves, they have actuaUy 
a common object, the production of a satisfactory and 
saleable product The method by which this object is 
achieved depends upon whether the constituents respon- 
sible for the undesirable properties are hydrocarbon or 
non-hydrocarbon The latter can, m a way, be ngarded 
as impurities and treated as suc^, they an m quite a 
different category to the hydrocarbons, which help to 
constitute the fuel itself and must be conserved as much 
as possible to avoid loss of saleable material Frequently, 
as will be shown later, the hydrocarbons which possess 
objectionable properties, possess valuable ones as well, 
for example, a high anti-knock value, because, however, of 
the readiness with which they oxidize or polymerize to 
form lesmous substances, their nmoval or conversion mto 
less troublesome denvatives is essential 

Refimng methods an available which are capable of 
dealmg with the ‘unpunties’, the troublesome hydro- 
carbons or both together For a complete understandmg 
of the chemical reactions mvolved m these processes, some 
knowledge of the dienucal natun and properUes of the 
vanous constituents of the hghter distillates together with 
the objects of these treatments is essential While both of 
these subjects an treated mon fully elsewhen, a brief 
account will not be out of place hen 

Hie Cmstituents of Li^t Distillates 

With very few exceptions, the hghter fracbons from the 
straight distillation of crude petroleum consist of hydro- 
carbons with only traces of oxygen, sulphur, or mtrogen 
compounds The excepbons include a few nitrogenous 
or sulphurous distillates, but even m these the hydrocarbon 
content forms 90% or mon of the whole 


The non-hydrocarbon content of a cracked distillate 
is always lower than that of the feed stock from which it is 
derived owmg to the tendency for these compounds to 
break down under crackmg conditions and so become 
eluninated as hydrogen sulphide, ammonia, or water The 
extent to which this eliminabon occurs is naturally deter- 
mined by the cracking conditions employed, vapour-phase 
operation at elevated temperatuns being the most drasbc 
and consequently the most effeebve With this type of 
cracking there is also less tendency for recombination to 
take place 

In spite of the low concentrabons in which the non- 
hydrocarbon consbtuents occur, particularly the sulphur 
compounds, they are of great concern to the rehner, and 
an enormous sum is sjient yearly in eliminatmg them 
The hydrocarbons themselves form an extremely com- 
plex mixture of which comparatively little is known Per- 
haps this IS hardly surprising when the vast number of 
possible hydrocarbons falling within the range of the 
lighter distillates is considered The number of isomeric 
forms m which even hydrocarbons of comparatively low 
molecular weight can exist is amazing, as is apparent from 
the following table in which the theoretically possible 
number of isomers for some paraffins and the correspond- 
mg olefines is given 

Theoretical Number of Isomers for Hydrocarbons of 
Fixed Carbon Content 


Number of carbon atoms 



The effect of mboducmg a single ethylenic luikage upon 
the number of possible isomers is very sbiking Hieie 
seems to be no reason for supposmg that only a limited 
number of these isomers is present m a normal distillate 
Broadly the hydrocarbons can be divided mto four mam 
classes, paraffins, naphthenes, aromabes, and olefines Of 
these only the first three are to be found m straight-run 
distillates, although all four occur m cracked products. 
The molecular linkages charactensbc of the four mam 
classes are not, however, limited to the one class Conse- 
quently hydrocarbons exist which possess two or more of 
such groupings and their classifintion mto one of the 
fourmam classes becomes veiydifficult. Such hydrocarbons 
can only be classified accordmg to the grouping which 
exerts the greatest effect upon its general behaviour For 
example, any hydrocarbon possessing a benzene nucleus 
m Its structure is treated as aromatic because it is laigdy 
upon the presence of this nucleus that its chemical be- 
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haviour rests. While there are obviously many weaknesses 
in sudi a classification, it is vety useful when considering 
the lower hydrocarbons which constitute the gasoline and 
naphtha fractions 

While the tighter straight distillates are for the most part 
paraffinic m nature, naphthenes and aromatic hydro- 
carbons are invariably present Occasionally, as for 
example in certain Borneo distillates, aromatic hydro- 
carbons preponderate, while in others from Russian and 
Venezuelan sources a much higher content of naphthenes 
than IS usual occurs 

Both paraffins and naphthenes are on the whole very 
resistant to the usual refinmg agents as well as to oxidation 
at ordmary temperatures The paraffins are, however, not 
nearly so resistant to chemical reagents in general as has 
been supposed in the past While the gaseous members are 
extremely stable this is by no means true of all paraffins 
Some of the branchcd-chain members are surprisingly 
reactive and together with certain naphthenes have been 
shown to be capable of reactions hitherto considered to be 
confined to aromatic hydrocarbons, eg nitration The 
resistance of the paraffins towards the usual chemical 
reagents decreases with increasing molecular weight The 
branched-chain members containing a tertiary carbon 
atom, 1 e a carbon attached to three other carbon atoms, 
exhibit a considerable tendency to react, but those possessing 
a quaternary carbon atom arc remarkably stable The 
reactivity of paraffins containing a tertiary carbon atom is 
well illustrate by the action of chlorsulphonic acid, nitnc 
acid, acetyl chloride, and ethylene, the two last m the 
presence of suitable catalysts 

While the atmospheric oxidation of paraffins and naph- 
thenes only takes place to any considerable extent at elevated 
temperatures, certain naphthenes, eg 1, 4-dimethylcyc/o- 
hexane and 1, 3-dimethylcyc/<ipentane absorb oxygen 
readily at ordinary temperatures in bright light (Chavanne 
and Bode [39, 1930]) Even so, though most paraffins and 
naphthenes are practically unaffected by air at ordinary 
temperatures, a rancid odour soon becomes distinguishable 
in strong sunlight m the presence of air As a general 
rule, the resistance to oxidizing agents decreases rapidly 
with increase in temperature This is particularly noticeable 
with sulphur, which only reacts with paraffins to give 
traces of hydrogen sulphide at ordinary temperatures m 
strong sunlight On heating, however, hydrogen sulphide 
formation becomes very marked, so much so that the 
heating of sulphur with paraffin wax has actually been 
suggested as a convement laboratory method for its pre- 
paration The reaction of sulphur with hydrocarbons is 
of great mterest to the refiner m connexion with the dis- 
tillation of gasolmes or naphthas contauung elemenul 
sulphur and will be discussed at greater length later 

Although the paraffins are chemically very stable at 
comparatively low temperatures, at higher temperatures 
their thermodynamic stability is considerably decreased 
At elevated temperatures they are, with the exception of 
the first few members of the senes, much less stable than 
other hydrocarbons Their instability in this respect com- 
pared with that of the olefines and aromatic hydrocarbons 
IS most marked. The mechanism of the thennal decom- 
position of hydrocarbons is treated under ‘Crackmg’ and 
we are only concerned with it at this stage because distilla- 
tion, v^iidi forms an important adjunct to certam chemical 
processes, may kad to a small but definite amount of 
crackitv unless carrfully earned out Traces of unsaturated 
hydrocarbons formed in this way may have a very adwrse 


effect upon the stability of straight distillates The tendency 
to decompose on distillation is quite marked with the higher 
paraffins boiling at the upper end of the gasoline range 
Hius R-dodecane, boiling at 213° C shows unmistakable 
signs of decomposition when the pure compound is dis- 
tilled m the laboratory at atmosphenc pressure Tune of 
heating is an important factor in this connexion, and 
paraffins which are normally stable at their boilmg-pomt 
show evidence of decomposition on prolonged heating 
Paraffins possess no power of polymerization, a property 
which IS confined to the unsaturated hydrocarbons Re- 
cently Ipatiev and Grosse [74, 1935] have shown that in 
the presence of suitable catalysts secondary paraffins are 
capable of reaction with olefines to form higher paraffins 

Although the 3- and 4-membeFed ring naphthenes 
appear to be very reactive towards chemical reagents, the 
5- and 6-membered rings closely resemble paraffins Cyclo- 
pentane and its denvatives appear to be especially resis- 
tant On heating with sulphur, the cyc/ohexanes form aro- 
matic hydrocarbons 

The aromatic hydrocarbons, although much more stable 
to heat than the paraffins or naphthenes, are much less 
resistant to chemical reagents and m many instances to 
oxidation Benzene itself is extremely stable, but denvatives 
possessing side-chains are noticeably less resistant Thus 
although potassium permanganate is extremely effective 
in oxidizing sulphur compounds, attempts to use it m the 
desulphurizing of gasoline impart to the latter the unmis- 
takable odour of benzaldehyde formed as a result of the 
oxidation of toluene 

Most aromatic hydrocarbons are particularly valuable 
on account of their high octane number Long side-chains, 
however, have a very adverse effect and lower the anti- 
knock value considerably 

Besides the three classes of saturated hydrocarbons 
which form the strai^t distillates, there is another vast 
and important class occurring in the cracked distillates, 
namely, the unsaturated hydrocarbons or olefines These 
hydrocarbons are formed as a result of the thermal decom- 
position of saturated hydrocarbons, the extent to wluch 
they are formed and the degree of unsaturation bemg 
determmed by cracking conditions. While onginally 
cracking stock consisted of the heavy residues extending 
above the gas-oil range, to-day light distillates such as the 
heavier portion of the gasoline fraction are cracked as 
well The reason for this is that whereas cracking was 
originally employed to increase the gasolme yield, it is 
now also used to improve the anti-knock value of low 
octane fuels Cracking conditions vary over a wide range 
Normally operation at high temperatures and low pres- 
sures (vapour-phase operation) gives highly unsaturated 
products of high anti-knock value while comparatively low 
temperatures and high pressures (liquid-phase operation) 
yield much more saturated products As the anti-knock 
value IS dependent very largely upon the olefine con- 
tent and this, as well as the losses m the form of gas, 
increase with the temperature of the cracking operation, 
conditions are carefully chosen, consistent with the 
material to be cracked, to give the most desirable com- 
promise between knock rating and gas loss While cracking 
IS genemlly regarded as degradation of high to low mole- 
cular wei^t hydrocarbons, it also includes the reverse 
process, synthesis or polymerization Polymerization takes 
place m many ways and may result m the formation 
of extremely valual^ products, e g ddsobutene from iso- 
butene 
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As a result of these various reactions, a very complex 
mixture rtf' hydrocarbons is formed, both saturated and un- 
saturated, and, at the present time, practically nothing is 
known of the composition of any but the hghtest fractions 
Mono- and di-ol<^es, both aliphatic and ahcyclic have 
been identified and it is highly probable that aromatic 
hydrocarbons with unsaturated sidechams or rings such 
as styrene and mdene are also present The unsaturation 
takes the form of ethenoid (oleiimc) hnkages, no evidence 
havmg so far been obtamed pomtmg to the presence of 
ethmoid (acetylemc) compounds 
Unsaturated hydrocarbons generally, since they have a 
higher knock rating than the corresponding saturated 
denvatives, are of much greater value as motor fuels As 
a general rule they possess a much lower response to 
tetraethyl lead, but their higher initial anti-knock value 
largely offsets this disadvantage Their increased reactivity 
both to aerial oxidation and towards chemical reagents is 
a further drawback, for the former results in gum-formation 
while the latter often entails heavy losses on refining and 
a consequent fall m octane ratmg Cracking, however, 
provides such a convenient source of gasoline of high 
anti-knock value that unsaturated hydrocarbons form a 
very considerable part of the automotive fuels m use to- 
day Recent developments m catalytic polymerization bid 
fau- to increase the ratio of unsaturated to saturated 
hydrocarbons in gasolines even further, in fact it does not 
seem improbable that a time will come when deep-seated 
crackmg followed by catalytic polymerization will be a 
normal refinery process A strong tendency towards gum- 
foimation does not appear to be so generally a property 
of olefines as was once supposed Only certain olefines, 
eg conjugated aliphatic and cyclic diolefines, styrene 
derivatives, &c , possess it to a very marked degree The 
extent to which these are able to imtiate chain reactions 
IS unknown, but their removal certainly produces a reason- 
ably gum-stable material Modem refimng processes, 
therefore, aim only at removing the hydrocarbons which 
may prove troublesome in the final product, while the 
use of mhibitors to reduce gum-formation has made it 
possible to market cerUin distillates after httle if any 
treatment 

In considenng the unsaturated hydrocarbons it is con- 
venient to subdivide them mto four classes (a) mono- 
olefincs, (6) diolefines, (c) cyclic olefines includmg both 
those possessmg an ethenoid Imkage m the nng and m 
any side^diam, and (</) aromaUc hydrocarbons with 
unsaturated side-chains 

The mono-olefines vary very considerably m their pro- 
perties and general behaviour accordmg to the position of 
the double bond Under the influence of heat there is a 
tendency for isomenzaUon to occur and the double bond 
to pass to a more stable position, that is to say, away from 
the end of the chain This results m an improvement m 
knock-ratmg Many of the olefines present m cracked 
distillates appear, however, to have the double bond m the 
1- or 2-position 

Chemically they are highly active and readily undergo 
additive reactions with such compounds as halogens, 
halogen acids, ozone, thiocyanogen, and certam non- 
metallic chlorides, e g sulphur chloride, arsenic chlorides, 
&c Certam of these reactions, le halogen and thio- 
cyanogen addition, mterest the petroleum chemist m that 
they provide a convement method for the quantitative 
estimation of olefines On hydrogenation m the inesence 
of suitable catalysts olefines form parafiins; whether this 


results in an unprovement in knodc ratmg is dependent 
upon the actual olefine All but certam olefines havmg 
complex-branched chains, eg durobutene, decrease m 
knock ratmg Hydrogenation has also been employed by 
Waterman and others as a means of estimating Ae olefine 
content, while the method is less convement than those 
usmg halogens, the results are more reliable 

At elevated temperatures olefines polymerize to form 
higher boiling hydrobarbons The reaction is complex 
and the products include olefines and parafiins, normal 
olefines give considerable quantities of both iso-derivatives 
and naphthenes, aromatic hydrocarbons too bemg formed 
if the temperature is sufficiently lugh Certam substances, 
eg activated charcoal, are capable of catalysing this 
reaction without seriously affecting the products, but others 
such as aad catalysts apparently alter the course of the 
reaction with the result that the mixture of polymers 
formed has different properties Thus heat polymerization 
of the lower olefines alone mvariably gives a product of 
lower anti-knock value than that obtained by the use of 
phosphoric acid catalysts 

Polymerization can also be effected by a-particlcs, light, 
or the silent electric discharge, and the products formed 
may vary from low-boiling hydrocarbons to viscous liquids 
resembling lubricating oils 

To-day the lighter polymers are becoming increasingly 
important to the refiner, on account of their high knock- 
raung Chemically they are more reactive than even vapour- 
phase cracked distillates, largely because they contain a very 
much higher proportion of olefines The difficulty originally 
expcnenced in refining on this account has been overcome 
by blending them with normal cracked distillates for treat- 
ment or by the use of inhibitors 

Under suitable conditions all olefines absorb oxygen 
to form high-boiling and resinous products, normal 
pnmaiy and secondary olefines and those m which the 
double bond is remote from the point of branchmg being 
more susceptible than the others The actual mechanism 
of the reaction by which the resinous products are formed 
is by no means clear although two plausible theories have 
been advanced The first supposes that peroxides are first 
formed by the addition of a molecule of oxygen 



which subsequently decomposes or undergoes rearrange- 
ment This theory is supported by the presence of peroxides 
which can usually be detected in unsaturated products 
after exposure to hght m the presence of air The second 
theoiy due to Wagner and Hyman [148, 1930] while admit- 
ting the formabon of peroxides, postulates that these 
merely catalyse gum-formation. This theoiy has not, 
however, been generally accepted although it finds support 
m the work of Cassar [37, 1931] who showed that while 
olefine peroxides catalysed the formabon of gum m an 
unstable gasoline, diolefines do not in the absence of 
peroxides Cassar also showed that no relation existed be- 
tween gum-formabon and boihng-point or sulphur content. 
Tests earned out upon vanous pure olefines m 20% 
solubon m a straight gasohne showed that even aft» 
oxidabon at 100° C for 4 hr with oxygen at 100 lb per 
sq m. pressure imder condibons when most cracked 
gasolines form gum, th^ did not. Only after 24 hr. did 
oxidabon proceed to any considerable extent. Qn the 
other hand, diolefines gave gum on mere evaporation. 
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The formation of resinous compounds or gums m 
gasolmes from unsaturated hydrocarbons is the cause of 
much trouble and expense to the refiner Not only does it 
invarubly result in a drop in the octane ratmg but the 
gum formed causes trouble m use m the engine, such as 
sUcky valves and excessive carbon deposiuon While a 
small amount of gum does not appear to be harmful, it 
IS obviously desirable to prevent its formation as far as 
possible 

To-day two classes of gum are recognized, actual or pre- 
formed and potential gum The first actually exists m the 
gasolme and is left on evaporation even under the mildest 
conditions, while the second is not present but only formed 
m use or on storage 

As mentioned above, gum-formation is dependent upon 
condiUons and while all olefines are no doubt potenUal 
sources of gum, under normal conditions of storage and 
use, only certam hydrocarbons give trouble 

Apart from their role m gum-formation peroxides 
possess mtensely pro-knock properties Thus cyclo- 
hexene after a comparatively short exposure to sunlight 
and air can be shown to contain peroxides which very 
definitely decrease its knock rating On redistillauon the 
latter is restored to its original value While normally the 
peroxides are very unstable and explode on warmmg, some 
are remarkably stable and can even be steam-distilled 
without decomposition In view of the ease with which 
these compounds are formed and their extreme potency. 
It is not surprising that cracked distillates frequently 
decrease in knock rating when stored under adverse condi- 
tions Redistillation oi stale cracked distillates has fre- 
quently lead to violent explosions owing to the peroxide 
content Qualitauvely peroxides can be detected by acid 
potassium iodide and in higher concentration by plumbite 
They arc said to be destroyed by alkali washing or treat- 
ment with such reducing agents as ferrous sulphate 

The diolefincs have the general formula and 

contam two ethenoid hnkages Three isomeric types exist 
depending upon the position of the double bonds and 
these possess somewhat different properties The three 
types are 

(1) allenes with the structure >C=C=C<, , 

(2) conjugated diolefines or butadiene type, e g 

>C-C— C-C< and 

(3) diolefines m which the two points of unsaturation 
are separated by one or more carbon atoms, e g 

I I I 

>c=-c— c-c-c< 

Of these only the second class need be considered here 
for the allenes do not appear to be present m cracked 
distillates, while the diolefines of type 3 behave as normal 
olefines exceptmg that they are doubly unsaturated 

Drastic cracking condibons such as those employed m 
vapour-phase operation favour the formation of conjugated 
diolefines Rice and Rice [130, 1935] explam their forma- 
tion on the assumption t^t the higher members of the 
ol^me senes decompose on heatmg accordmg to a cham 
mechanism with the production of a paraffin molecule 
plus a molecule of the butadiene type of structure. Cer- 
tainly the lower fracbons from vapour-phase cracked 
distillates are paiticularly ndi m these hydrocarbons 

In their properties the diolefines m many ways resemble 
the moio-olefiiMS. The simpler conjugated members are 


highly refractive liqmds with a pungent odour and high 
anti-knock value Many polymerize and undergo aut- 
oxidabon when exposed to am and light although a few 
such as 3-methyl-l, 3-pentadien| show no tendency to do 
so (Fischer and Cnttenden [56, 1930]) 

While the non-conjugated diolefines behave very similarly 
to mono-olefines m theur addibon reacbons which take 
place at each ethenoid linkage quite normally, m the 
conjugated diolefines the unsaturation appears to be much 
intensified Addibon takes place m two stages, the first 
bemg mainly 1 4 although some 1 2 addibon also 
occurs 


U- 


\ I I 




Chemically the conjugated diolefines are extremely acbve, 
and the readiness with which they polymerize and oxidize 
IS probably responsible for most of the gum-formation 
m cracked disbllates According to Kogermann [86, 1930] 
each molecule of diolefine can absorb one atom of oxygen, 
the product closely resembling the gum formed from 
cracked gasohnes The addition of this oxygen probably 
takes place in the 1 4 position givmg a furan derivative 

>C— C-C— Cs 


Both mono- and di-ozomdes are also formed, but the latter 
only slowly They are extremely explosive Sulphur reacts 
at elevated temperatures with the formation of thiophen 
denvabves, the reaction resembhng m the first stage that 
which occurs with oxygen 

Y Y 


Recently it has been found that diolefines are capable 
of reaebng with hydrogen sulphide Thus Bockseken and 
Lmde [21, 1935] have shown that isoprene heated under 
pressure with hydrogen sulphide to 96° C in the presence 
of iron oxide or sulphide as catalyst yields a mixture of 
2-thiol-2-methyl-butenc-3 and (probably) 2, 3-dithiol- 
2-methylbutane 

Another mteresbng reacbon of the conjugated diolefines 
is the formation of addition compounds with sulphur 
dioxide The product, m which addibon as usual takes 
place m the 1 4 posibon, is an unsaturated cychc sulphone 
of the type 

c c< >c c< 


They are well-defined crystallme compounds which exist 
m mono- and m certam arcumstances polymeric forms 
The former on heabng readily decompose to give the parent 
substances, a reacbon which provides an excellent method 
for the preparabon of pure diolefines A further mteresbng 
acbon common to all substances possessing conjugated 
hnkages is the formabon of an addibon compound with 
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maleic anhydnde, a reaction which takes place with extra- 
ordmaiy ease 

y X 

X X 

The compounds fonned are tetrahydrophthalic acid 
derivatives and have been used by Birch and Scott [19, 
1932] to identify the diolefines present m the lower fractions 
from cracked distillates. Brooks has suggested their use 
for the preparation of glyptal type resms It has actually 
been proposed to use maleic anhydride as a refinmg agent, 
and the use of maleic anhydride m the refining of coal-tar 
benzole and cracked gasohne (cf Carleton Ellis, U S P 
2,068,850 (1 Sept 1932)) has been covered Unlike the 
sulphur dioxide addition compounds, they are not dis- 
sociated mto their onginal components on heaUng 

Conjugated diolefines polymerize to form high-mole- 
cular weight polymers many of which resemble rubb^ 
Peroxides have been shown to be extremely active catalysts 
m this polymenzation, once again emphasizing the im- 
portant role which these compounds play m gum-formation 

Both mono- and di-olefines form compounds with certam 
metallic salts, parUcularly those of copper, silver, and 
mercury, the majonty of these compounds are loosely 
combined molecular compounds readily resolved into 
their components The cuprous salts find apphcation in 
the separation of olefines and diolefines from admixed 
saturated hydrocarbons 

Cyclic olefines do not appear to have been identified 
in normal cracked distillates, although there is little doubt 
of their presence They can te subdivided mto two classes, 
one with the ethenoid Imkage m the nng and the other 
in which It IS present in a side-chain Both resemble the 
ahphatic mono-olefines in then behaviour excepting that 
perhaps the former are somewhat more reactive Cyc/o- 
hexene, a typical member of this class, readily absorbs 
oxygen to form a peroxide which decomposes to produce 
a viscous gum mu^ of which is acidic in nature In the 
engine cyc/ohexene shows a tendency to pre-ignite pre- 
sumably owing to this ready peroxide formation. 

At le^t one cyclic conjugated diolefine, cyc/opentadiene, 
IS a common constituent of cracked distillates and pyrolysis 
products generally Its extreme reacUvity, particularly 
towards maleic anhydnde, has made it possible to detect 
It even m comparatively low concentrations Attempts to 
identify the correspondmg six-membeicd nng compound 
A* *-cyci! 0 hexadiene have not proved so successful 

Conjugated cychc diolefines closely resemble the open- 
chain denvatives m their chenucal reactivity and general be- 
haviour and m having high anti-knock values They are 
even more prone to oxidation and polymenzation, m fact, 
so great is their tendency to polymerize that it u practically 
impossible to distil them at atmospheric pressure without 
considerable polymenzation taking place So marked is 
this tendency with certam of the higher members that 
polymenzation occurs with explosive violence. Thus A* •- 
cyc/ooctadiene is stated to polymerize at 130-140” C with 
cxidosive violence to form a lesmous material Heat is 
not essential to bring about polymenzation for it is rapid 
at normal temperatures, pai^cularly if air is present, no 
doubt owmg to the formation of peroxides. Cjvlo- 
pentadieoe itsdf funu^ an exodlent example, fm: at 20” C. 


It IS almost completely polymerized to the di- and tn- 
mende In the presence of air the extremely explosive di- 
cyc/opentadiene peroxide is fonned and eventually a sticky 
brown substance separates Depolymenzation of duyclo- 
pentadiene can be effected by slow distillauon, iron acting 
as a catalyst This tendency to depolymenze is, however, 

no means general, for the duneride of A' *-cj>c/ohexadiene 
IS not decomposed at its boiling-pomt at atmosphenc 
pressure 

Polymenzation which occurs with such readmess in pure 
substances is less marked m hydrocarbon solution, parti- 
cularly if the diluent itself is mcapable of polymenzation 
Ihe possibihty of the polymerization mitiatmg chain 
reactions mvolvmg other unsaturated hydrocarbons should 
not be overlooked 

The remammg class, the aromatic hydrocarbons with 
ethenoid Imkages in side-chains or attached cychc structures, 
can be dismissed in a few words No members of this class 
have been detected in normal cracked distillates but there 
IS little doubt of their presence, particularly in the higher 
fractions from vapour-phase distillates Two typical 
members, styrene and indene, have been isolated from the 
products obtained dunng the pyrolysis of natural gases 
(cf Birch and Hague [12, 1934]) and, in view of the interest 
taken by the petroleum mdustry in the utihzation of such 
gases, are likely to mterest the petroleum chemist Both 
styrene and indene are chemically extremely reactive Th^ 
polymerize slowly on standmg but extremely rapidly under 
the influence of heat to give resinous products The 
styrene polymer is m considerable demand in the plastics 
and pamt industry, a fact which would undoubtedly 
influence a refiner called upon to refine any material nch 
in styrene Chemically both styrene and mdenc resemble 
olefines They readily hydrogenate m the side^hain or 
unsaturated rmg in the presence of mild catalysts and add 
on halogens quite normally 

Hydrocarbons with ethmoid, le acetylenic linkages, 
have not been detected m normal crackmg operations, or 
even those earned out at comparatively high temperatures 
They therefore need not be considered here 

The Non-hydrocarbon Constituents of Li^t 
Dbtillates 

Sulphur Compounds. 

Sulphur m the form of its compounds generally occurs 
to a greater or lesser extent in all crude oils lu presence 
in the distillates, particularly the lighter distillates, is a 
matter of considerable concern to the whole petroleum 
industry Not only do certain sulphur compounds impart 
an unpleasant odour to products contaming them, but they 
are corrosive, affect the light stability, and m gasolines 
exert a considerable effect upon the lead response Even 
those sulphur compounds, which m gasohnes and similar 
fuels are not directly objectionaUe, are potentially corro- 
sive since on combustion they become converted mto sul- 
phuncorsulpburousacid. under ordmary conditions 

most of the products of combustion pass out through the 
exhaust system (which bemg above the temperature of 
condensation for water is unaffected) part finds its way 
past the piston mto the crank-case. Here, wime owmg 
to the lower temperature water vapour can condense, 
corrosion oocurs 

Although the objection to gasohnes possessmg a sour 
odour IS not as strong as it was, automobite dnvers do not 
like to have the odour of unrefbaed gasolme in their can, 
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and while manufacturers have to a large extent overcome 
gasolme vapour findmg its way mto the vehicle, it is almost 
impossible at times to prevent it entirely since the odour 
of the sulphur compounds is particularly penetrating and 
trads to Imger for a considerabte tune, the rt^ner must either 
remove them or convert them into others less obnoxious. 

Another good reason for the removal of sulphur com- 
pounds IS their corrosive nature Sulphur itself is known 
to be extremely corrosive towards copper and other metals, 
forming sulphides, while hydrogen sulphide is not only 
readily oxidized to free sulphur but is corrosive in itself, 
attackmg such metals as zinc, copper, and iron Other 
sulphur compounds, e g the mercaptans, also possess 
corrosive properties The corrosion products cause trouble 
in several ways, particularly m flaking and choking 
narrow tubes, &c 

Ilie part played by sulphur compounds m promotmg 
‘hazuig’ and gum-formation in gasolines and naphthas is 
not entirely understood but has recently been the subject 
of mvestigation, it will be discussed later The ready 
oxidation of certain compounds contaimng sulphur to 
acidic products, such as sulphuric acid, is undoubtedly 
partly responsible for gum-formation in cracked distillates 

More recently attention has been directed to the effect 
produced by sulphur compounds upon the lead response 
of gasolines While certain compounds exert a much 
greater effect than others, it is surprising that sulphur 
Itself IS one of the least effective Polysulphides, particularly 
the tnsulphides, are extremely potent and possess definite 
pro-knock tendencies as well It would thus appear that 
in spite of the outcry against unnecessary expense m 
reducing the sulphur content of gasolmes that possibly 
a useful purpose may be served m doing so after all 

The presence of free or combined sulphur in kerosme 
for lamps leads to charruig of the wick, presumably 
on account of sulphuric acid formation Lamp-glasses 
are also clouded The absence of sulphur from special 
naphthas such as painter's naphtha (white spirit) is essential, 
for a tendency to decompose in the presence of light or 
heat would adversely affect any lead-contammg colour 

The need for the removal or conversion of sulphur 
compounds into harmless compounds thus appears to be 
very general over the range of lighter distillates, and much 
of the refining is undertaken for this reason 

The unrefined light distillates, comprising gasoline, 
special naphthas, and kerosme, usually contain sulphur, 
not mfrequently in the elemental form, but more generally 
combined either as hydrogen sulphide or organic sulphur 
bodies These may mclude thio-^ers both aliphatic and 
cyclic (the so-called ‘thiophanes’), di- and higher poly- 
sulphides, mercaptans and thiophens Most of th^ 
compounds appear to be degradation compounds of com- 
plex sulphur-contauung bodies present m the crude oil, the 
extent to whidi they are present m the hghter distillates 
being largely determined Iv distillabon or crackmg condi- 
tions Hydrogen sulphide itself is a common constituent 
of natural gas and may form 10% or more of the dry gas 
Whether the lower-boihng sulphur compounds are always 
degradation products is by no means sure, although m 
certam instances it appears to be so Thus Iranian crude 
oil freed from hydrogen sulphide at a low temperature, 
when distilled under very mild conditions, le under 
reduced pressure m a stream of inert gas, gives a gasoline 
distillate substantially free from sulphur and negative to 
the doctor test Under ordinary conditions, a distillate is 
obtained containmg 0-08-0 10% sulphur chiefly m the 


form of hydrogen sulphide, mercaptans, sulphides, and 
polysulphides In fhct it can be shown that m the neigh- 
bourhood of 130° C , a very definite decomposibon takes 
place in the crude oil and sulphur makes its appearance 
in the distillate A further striking proof is that crude oil 
which has been given an acid treatment sufficient to throw 
all the asphaltic compoimds out of solution, gives dis- 
tillates noticeably lower in sulphur content 

Elementary sulphur and the polysulphides are largely 
secondary products formed by side reactions occurrmg 
during distillation or on storage The presence of elemental 
sulphur can usually be traced to aerial oxidation of hydro- 
gen sulphide, a reaction takmg place with great readiness 
in the presence of moisture As a result, unless hydrogen 
sulphide-contaimng distillates arc treated at a very early 
stage for its removal, they are invariably found to contain 
free sulphur 

While disulphides are normal consutuents of the lighter 
distillates, they are also formed as a result of the oxidation 
of mercaptans by air or sulphur, a reaction which only 
proceeds slowly at ordmary, but rapidly at higher tempera- 
tures Sour distillates stored for a considerable period in 
the presence of air become sweetened m this way 

We have seen that oxygen is capable of reaebng with 
many hydrocarbons under suitable conditions Sulphur 
too IS capable of reaction At ordinary temperatures the 
action of sulphur upon the hydrocarbons occumng in 
light distillates is negligible, although in strong sunlight 
traces of hydrogen sulphide can sometimes be detected 
The tendency to react increases with increasing temperature 
and molecuUr weight to such an extent that, as mentioned 
above, it has been suggested that heating a mixture of 
paraffin wax and sulphur might provide a convenient labora- 
tory method for producing hydrogen sulphide Even at the 
comparatively low temperature of 175-200° C the actum of 
sulphur on the higher gasohne fractions or kerosme gives 
hydrogen sulphide m appreciable amounts, part of the sul- 
phur also entermg into combination with the hydrocarbons 
Some light has been thrown on these reactions by Friedmann, 
who found that sulphur heated with n-octane [57, 19161 at 
270-280° C under pressure gave a liquid thiophen homo- 
logue and a compound probably dimethyltbiophthen which 
readily formed a red picrate The formation of the 
thiophthen derivative probably occurs as follows 
CH, CH, CH, CH, CH, CH, CH, CH,+4S 

I 



although Fnedmann suggests a rearrangemoit of the octane 
first to give 2, 3, 4-tnmethylpentane which then reacts to 
yield 
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The former mechanism is regarded by the author as 
mote hkely in view of Challenger and Harrison’s work 
[38, 1935] The thiophen homologue obtained m many 
respects resembled diethylthiophen 
From an unsaturated hydrocarbon, hexene, Friedman 
obtamed imder similar conditions several volatile sulphur- 
containing compounds, C,Hj|S, CiaHi4S, and CkHmS, 
together with an asphaltic compound, the composition of 
which corresponded to C,4HtoSt When, however, naph- 
thenes containmg six-membered rings are heated with sul- 
phur dehydrogenation occurs, and Markovnikov and Spady 
[lOS, 1887] and Friedmann [S8, 1916] suggest that the re- 
action takes place in steps, the formation of sulphur com- 
pounds takmg place mtermediately Thus examination of 
the products from the action of sulphur on o'c/ohexane 
proved the presence of both thiophenol and phenylsulphide 
The reaction is represented by Friedmann as follows 

C,H„+S -+ C.H„SH -V H,S+C,H„ 

C,H„+S C,H.SH -► H,S+C,H. 

The formation of thiophenol from the e>e/ohexadiene 
then takes place as follows 

C.H,+2S+2H,S-»-C.H„S4 
C.H,A -► 3H,S+C.H.SH 

To what extent such reactions, however, uke place during 
the disullation of gasolines and kerosmes contauung free 
sulphur IS unknown, that reacUon does occur to at least 
a small extent is certain 

Chemically the sulphur bodies present in the lighter 
distillates may be divided into two groups, those possessmg 
weakly acid properties and those which are neutral in 
behaviour The first group comprises hydrogen sulphide 
and the mercaptans, the latter bemg derived from hydrogen 
sulphide by the replacement of one hydrogen with an 
organic radical, the remaining hydrogen atom is responsible 
for the weakly acid properties Most of the refiner’s troubles 
can be traced to free sulphur, hydrogen sulphide, or mer- 
captans The second group which includes the thio-ethers, 
disulphides, and thiophens causes little concern excepting 
when these bodies are present in such large amounts that 
It IS necessary to remove them m order to reduce the total 
sulphur content 

Hydrogen sulphide possesses strongly acid charactenstics 
and can be easily and completely removed from distillates 
by alkah washmg When it is required to remove it from 
natural gas, it is usual to employ some process m which 
the scrubbmg liquid can be regenerated cheaply and easily, 
e g triethanolamine, alanme, sodium phenate, and so on 
Apart from its objectionable quahties m gasoline hydro- 
gen sulphide is frequently the cause of trouble on account 
of Its extremely poisonous nature, workmen being over- 
powered by leakage or accidental release of gases containmg 
It Mercaptans are considerably less acidic than hydrogen 
sulphide, the relative aadity varymg with the attached 
group Thus acidity decreases with mcreasmg molecular 
weight in the aliphauc senes, secondary mercaptans bemg 
more acid than the conespondmg pnmaiy isomers Thio- 
phenol IS a comparabvely strong acid 
The lower molecular weight mercaptans possess an 
extremely disagreeable odour, but the higher members 
are odourless All those occurring in the gasoline and 
kerosme range are obnoxious So penetrating, m fact, is 
ethyl mercaptan m odour that its use as a stench for mdicat- 
mg leakage m gas mams has been advocated, a con- 


centrabon of only 4 g per 1,000 cu ft gas being suffi- 
cient 

Mercaptans are completely miscible with hydrocarbons 
in all proportions, but their solubility in water is low and 
decreases with mcreasmg molecular weight, the higher 
members are pracbcally insoluble The solubility in water, 
as will be seen later, has an important bearmg on mercaptan 
removal by alkah washing 

Both hydrogen sulphide and mercaptans are charac- 
terized by their behaviour with oxidizing agents Mild 
oxidizmg agents such as iodine convert them quantita- 
uvcly mto sulphur and the corresponding disulphides 
respectively, a reaction which is used for their estimation 
The oxidation of mercaptans by such mild reagents as air 
or sulphur forms the basis for the sweetenmg reactions to 
be discussed later More vigorous oxidation, for example, 
with nitnc acid, permanganates, or hypochlorites results 
in their conversion into sulphonic acids 

While the alkali and alkaline metal mercaptides are 
readily hydrolysable, the heavy metal mercaptides are 
insoluble in water Lead mercapudes are somewhat 
soluble in benzene and other aromatic hydrocarbons 
The volumetric titration of gasolines containing mercap- 
tans with copper oleate in benzene results in the quantita- 
tive precipitation of copper mercaptides, giving an excellent 
method for their estimation [22, 1933] Although the 
heavy metal mercaptides are unaffected by alkalis, they 
are decomposed by even comparatively weak acids 

In spite of their weakly acidic nature mercaptans are 
capable of attacking metals such as zinc, copper, and even 
iron Ferrous mercaptide, like ferrous sulphide, oxidizes 
so rapidly on exposure to air that it becomes red hot— a 
fact to which may be attnbuted the fires that so frequently 
occur when lines employed for carrying sulphurous raw 
gasoline disullates are broken or when air is admitted to 
unrefined distillate storage tanks 

In the second group of sulphur compounds, the sulphur 
1$ combined either with two radicals or in a nng and there- 
fore, lackmg a replaceable hydrogen atom, does not possess 
acidic propcities, The simplest members of this group, the 
sulphides or thio-ethers, closely resemble the analogous 
oxygen compounds, the ethers, m their behaviour Physi- 
cally the lower members are colourless liquids, completely 
miscible with hydrocarbons but practically insoluble m 
water, possessing a sweet if nauseating odour somewhat 
resembling halogen compounds, the higher members are 
almost odourless In dilute solution the odour is com- 
paratively pleasant so that the presence of these substances 
in gasolme is not normally considered objectionable 
Chemically they are very unreactive Such reacUons as do 
occur generally mvolve the sulphur atom alone, the C— S 
hnkage bemg so strong that very drastic treatment is 
required for fission 

The property of thio-ethers of forming addition com- 
pounds with certain metallic halides, particularly mercuric 
chlonde, while of little duect interest to the refiner, has 
proved of great value m aiding mvestigators to isolate and 
identify them In the compounds formed the metallic 
salts are attached to the sulphur and regeneraUon can be 
accomplished by means of hydrogm sulphide or steam 
distillation m the presence of alkali, &e Sunilar com- 
pounds, m which addition to the sulphur takes place, are 
formed by bromme and alkyl halides, the uuolubility of 
the benzyl sulpbomum cblondes fozmmg the basis for a 
desuliffiunzing process in a reemt patent. 

Oxidaboa occurs much less readily than with the 
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mercaptans and can be made to take place in two stages 
Thus ^diogen peroxide converts alkyl sulphides into the 
correspondmg sulphoxide, 

R,S-)-R,SO 

while more drastic reagents such as permanganates or 
hypochlorites form sulphones 

R|S->R,SO, 

The oxidation of sulphoxides to the corresponding sul- 
phones IS also readily effected The greater solubility of 
the lower sulphones (and possibly sulphoxides) in water as 
distinct from petroleum hydrocarbons is responsible for 
the desulphurization which certam oxidizing agents effect 
on gasoline distillate, e g permanganate and hypochlorite 
The relative stabilities of the sulphides and their oxida- 
tion products, the sulphones (the sulphoxides do not 
apparently share this property to the same extent, but their 
formation in refining operations is doubtful) account for 
their non-coirosive nature Their presence in the lighter 
internal combustion engine fuels is objectionable in com- 
paraUvely high concentrations only because on combustion 
they furnish sulphur dioxide The cyclic sulphides, the 
so-called ‘thiophanes’ of Mabeiy, apparently behave as 
normal thio-ediers 

Disulphides can be regarded as bemg formed from two 
mercaptan molecules by elimination of hydrogen and 
linkage of the residues thus 

RSHHHSR-^RS SR+H, 

Unlike the sulphides, disulphides, in which two dissimilar 
radicals occur, do not normally appear to exist Certain 
higher members containing aliphatic and aromatic groups 
have, however, been synthesiz^ 

Physically the disulphides resemble the sulphides, they 
arc colourless liquids, completely miscible with hydro- 
carbons and insoluble in water The lower members when 
pure possess a decidedly nauseating sweet odour which is 
particularly clinging and penetrating In dilute solution, 
however, the odour is not unpleasant 
Chemically they are far more reactive than the sulphides, 
the S — S linkage proving an easy pomt of attack Thus re- 
ducUon with comparatively mild reducing agents such as 
zme dust and acetic acid forms two molecules of mercaptan 
RiS,4 H,-2RSH 

while oxidation gives the corresponding sulphonic acid 
R,S,-»-2RSO,H 

As the latter, particularly those of low molecular weight, 
are relatively strong acids which not only are themselves 
readily soluble in water but also form water soluble salts 
with most metals, oxidation forms an excellent method 
for removing disulphides from the lighter petroleum distil- 
lates. As they are preferentially dissolved by concentrated 
sulphunc acid, acid treatment also can be employed for 
their removal Very little action apparently occurs between 
the disulphide and the acid, the solution being largely 
physical 

The greater chemical reactivity of the disulphides renders 
them less desuable constituents of li^t distillates than the 
conespondmg sulphides They do not appear normally 
to be corrosive, but m strong sunlight in the presuioe of 
air they are responsible for haze formation (MorreU, 
Benedict,andEgiloff [116, 1936]) This is due to the forma- 
tion of sdphomc and sulphunc aads, which is particularly 
undesiiabto in cracked distillates, rendenng them unstable 
In this connexion an observation made by the author sonw 


years ago is of interest, it was found that the precipitate 
formed when gasoline contauung tetraethyl lead is exposed 
to strong sunlight consists mainly of lead sulphate, no 
doubt the result of sulphuric acid formation 

While the higher polysulphides can be produced by 
heating alkyl disulphides with sulphur [ 68 , 1910], their 
presence in petroleum distillates can be traced to the 
oxidation of mercaptans under certain conditions (Buch 
and Noms [16, 1929]) They are, therefore, apparently 
secondary products formed mainly m refining treatment, 
and there is no evidence to show that they ever occur as 
normal constituents 

While the constitution of the tnsulphides appears to be 
normal R S S S R — on reduction two molecules of 
mercaptan and one of hydrogen sulphide are formed 
R,S,->2RSH + H,S 

— ^some doubt exists concerning that of the higher poly- 
sulphides That these are formed under the same condi- 
tions as those favouring the formation of the trisulphide, 
there is little doubt Attempts to isolate them have not 
proved very satisfactory, for although they appear stable 
in dilute hydrocarbon solutions, on distillation even at low 
pressure ^ey decompose and form elemental sulphur 
This behaviour indicates a loose structure which may be 
due to some such configuration as 



This possibility is to some extent borne out by the fact 
that there are mdications that sulphur and alkyl di- 
sulphides react m sunlight to form unstable compounds 

The ease with which the polysulphides decompose to 
give sulphur makes their presence in such products as 
gasoline undesirable Fortunately they do not appear to 
be formed to any great extent, but even the small quanUUes 
which are formed can have a very adverse effect upon the 
lead response (see Plumbitc Treatment) There is little 
doubt that the positive results obtained in the copper stnp 
test for elementary sulphur is frequently due to the 
presence of poly sulphides 

The presence of thiophen in light petroleum distillates 
has been reported by a number of investigators. The 
parent hydrocarbon thiophen, C 4 H 4 S, possesses a structure 
similar to that of benzene, which it closely resembles m its 
chemical and physical properties The thiophens are 
colourless, highly refractive liquids, miscible with petro- 
leum hydrocarbons m all proportions and insoluble in 
water They possess a pleasant benzene-like odour In 
their chemical properties they resemble benzene much 
more than the thio-ethers or ttuophanes With mtnc and 
sulphunc acids they form nitro-compounds and sulphomc 
acids respectively, while halogens form substitution pro- 
ducts Unlike the thio-ethers which form mercunc 
cblonde addiuon compounds of the type R^S HgCli in 
which the mercury is attached to the sulphur, thiophens 
form substitution products with the elunination of hydro- 
gen chlonde 

c,H.s+Hga,-C4H^ Hga+Ha 
These compounds readily break down on distillation with 
hydrochloric acid to regenerate the original components, 
a reacuon employed by McKettenck [107, 1929] to isolate 
and identify the thiophens present m a cracked distillate 
from a Cihlifonuan fuel oil 

The thiophens are extremely stable substances and other 
than forming sulphur dioxide on complete combustion are 
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not regarded in any way as objectionable in gasoline or 


other similar products 
Oxygen Compounds. 

Oxygen compounds occur in relatively large amounts 
m some asphaltic residues and as naphthenic aads m the 
higher-boihng fractions from certain crude oils, particularly 
those of Russian ongm Only traces of oxygenated bodies 
have been reported in the lighter distillates, though possibly 
the difficulty which their detection affords when highly 
diluted with hydrocarbons may account for this Apart 
from naphthenic acids which have been isolated in small 
amounts from certam kerosine fractions, the oxygen 
compounds present m straight disullates apparently con- 
sist of phenols Certamly considerable quantities of phenols 
have been isolated from cracked distillates, from vanous 
cracking stocks, and these undoubtedly play an important 
part in inhibiting gum-formation, although they must be 
largely removed m the refinmg treatment The examination 
of the acid constituents from a West Texas pressure dis- 
tillate by Williams and Richter [1S5, 1935] showed that 
these consisted largely of phenols, phenol itself, o-, m-, and 
p-cresols, 1, 3, 5-xylenol and 1, 4, 2-xylenol being isolated 
and identified Curiously enough the ‘naphthenic acids’ 
present proved to be aliphatic and to consist of isovalenc, 
n-heptylic, n-octylic, and n-nonylic acids That the phenol 
content of certam distillates is relatively high is shown by 
the large quantities of these bodies which can be isolated 
from spent alkali and plumbite wastes (see Plumbite 
Recovery) 

Nitrogen Compounds. 

The nitrogen content of most petroleum oils is rather 
low, generally less than 0 1 % Certam crude oils, however, 
particularly those from California, Japan, and S Amenca 
have considerable nitrogen contents, Mabery [98, 1900] 
reporting one Californian crude oil having as much as 
2 39% Like the sulphur compounds, the nitrogen bases 
whi^ have been isolated from the distillates, do not 
appear to be present as such m the crude oil, for Bailey 
[3, 1928] points out that dilute acid extracts practically 
nothmg from them before distillation The bases them- 
selves are therefore also degradation products of complex 
bodies present in the crude oil Comparatively httle is 
known of their structure, Bailey and his co-workers being 
responsible for most of the information available. They 
appear to possess a hydro-aromaUc structure and are 
closely alhed to the pyndme and qumoline alkaloids 
Mabery claimed to have isolated nitrogen bases boiling 
as low as 130° C , but generally they boil at much higher 
temperatures and are therefore not present to any con- 
siderable extent m the hghter distillates Traces are, 
however, present m certain gasolme and kcrosme dis- 
tillates, certam of which, although water-white when 
freshly disulled, rapidly develop a reddish colour on ex- 
posure to an, due to the oxidation of the nitrogen com- 
pounds Unless present m sufficiently high concentrabons 
to impart an unpleasant odour, they do not appear 
objectionable They are readily removed by acids and can 
be recovered by neutralization 

n. THE OBJECT OF REFINING 

We have seen that the need for refinmg treatment is 
occasioned by the presence m the untreated distillates of 
compounds imparting to it certam undesirable prop«lies 
such as an unpleasant odour, a corrosive action upon 


metals, or a tendency to produce gum or resmous substances 
on storage or m use The object of the treatment is, 
therefore, to eliminate such compounds or convert than 
mto others comparatively or completely innocuous, so 
producmg a finished product not only conforming to any 
standards which may exist for it but also satisfactory to 
the consumer Obviously the amount of refiiung required 
must be determined by the product as well as the purpose 
for which it IS ultimately required A product considered 
to be satisfactorily purified for one purpose may prove 
quite inadequately refined for another In this connexion 
It should be remembered that whereas m certam parts of 
the world products pass from the refinery to the consumer 
withm a few days, m others months may elapse A product 
which under ordinary circumstances would be stable for 
weeks or even months may prove unstable if stored under 
adverse conditions for a prolonged period 

The mam objects to be achieved m refining can be 
summarized as follows (1) improvement of odour and 
colour, (2) removal or alteration of objectionable sulphur 
compounds, and (3) reduction or prevenUon of gum- 
formation While the improvement of odour and colour 
IS largely to satisfy an aesthetic demand, as a rule an 
objectionable odour can be taken to mdicate the presence 
of undesirable sulphur compounds, so that any treatment 
for the removal or conversion into other less noxious 
bodies would have the effect of improving the odour at 
the same tune Colour is to-day regarded with less mistrust 
than formerly, particularly m gasolines, largely because 
It was found that the excessive treatment required to give 
a water-white product mvanably resulted m loss in volume 
and valuable anti-knock rating The colour, which was 
rarely deeper than a pale yellow, was however very 
noticeable, particularly as at the time visible bowl pumps 
were in general use, and was assumed by the consumer 
to be a sign of incomplete refimng The introduction 
of mtentionally coloured gasolmes made possible the use 
of dyes which successfully cloaked any yellow colour 
possessed by the gasoline itself The possibility of red dyes 
reduemg the deterioration of cracked gasolmes by absorp- 
tion the acunic light has been suggested but does not 
appear to have been proved It is, however, claimed by 
E^off and others that certain dyestuffs possess a definite 
mhibitory action upon gum-formation and that thar 
presence m a cracked gasoline is therefore beneficial The 
mtroduction of a blue dye having the effect of neutralizing 
the yellow colour and so producing an apparently colour- 
less product IS of mterest 

While originally the demand for products of low-sulphur 
content more or less resulted from the discovery of rela- 
tively sulphur-free crude oils, the objectionable odour and 
corrosive nature of the more highly sulphurous jnviducts 
to a large extent justified this demand 

The sulphur content of gasohne has been a vexed 
question for many years It ^uld be, it has been held by 
one body of opmion, as low as possible because durmg 
combustion the sulphur becomes converted mto sulphur 
dioxide and sulphuric acid, both of which are highly 
corrosive Ano^r body of opmion has mamtamed that 
so long as the sulphur is not present m the form of ob- 
noxious compounds, the actual sulfdiur content u im- 
material It has been pomted out that only certam parts 
of the engine are cool enough for condensation and there- 
fore liable to corrosion Theenormous cost of desulphuriza- 
tion to the petroleum mdustiy has been emphasi^ over 
and over again 
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For many years the advocates of desulphurization had 
their way and gasolines were to be found on the Euro- 
pean markets containmg as little as 0 02% sulphur With 
the demand for higher octane gasolines came, however, 
increased sulphur contents, not only was it found, parti- 
cularly with cracked disUllates in the States, that the heavy 
aad treatments necessary to desulphurize destroyed a part 
of the valuable anti-knock value, but in Europe the use of 
coal-tar benzole, with its high sulphur content, as a blend- 
ing material rendered low-sulphur contents impossible 
Since then the tendency has been towards higher limits 
still, the recent discovery of the adverse effect of sulphur 
upon the lead response may check this to some extent 

As mentioned before, many of the refiner’s troubles can 
be traced to sulphur m one form or another While the 
conversion of the malodorous and somewhat corrosive 
mercaptans into the comparatively harmless disulphides 
goes a long way to overcoming these troubles, the product 
may still not be entirely satisfactory The recent work of 
Egloff and others on the question of haze formation when 
gasolines are exposed to light has shown that disulphides 
and sulphur are responsible, apparently being particularly 
reactive m the presence of each other The identifica- 
tion of some of the products formed during haze forma- 
tion, which included sulphunc acid, throws a considerable 
amount of light on the cause of colour instability and 
gum-formation ui cracked distillates under certain condi- 
tions The remarkable depressing action that disulphides 
and particularly trisulphides have upon lead response has 
already been mentioned 

While in gasoline only certain groups of sulphur com- 
pounds are undesirable, in other products sulphur m any 
form may be considered objectionable This is particularly 
true of such special naphtha cuts as those required for 
dry cleaning or turpentine substitute The former in use 
must undergo frequent distillation and any sulphur bodies 
present tend to decompose, thereby unparting an un- 
pleasant odour to the next batch of articles cleaned With 
the latter, exposure to strong sunlight may bring about 
decomposition of the sulphur compounds and result in 
discoloration of lead pigments It is probable that here 
again in both mstances this trouble is due to the presence 
of disulphides, for sulphides and thiophenes arc unhkely 
to decompose even under such drastic conditions Di- 
sulphides are known to decompose both on heating and 
on exposure to light to a very slight extent which, althou^ 
normally unnoticeable, woidd be sufficient to be trouble- 
some Possibly still other sources of trouble in other pro- 
ducts can be traced to disulphides or to the traces of 
mercaptans formed when these compounds decompose 

No mention has yet been made of compounds unavoid- 
ably formed during refimng operations which may possess 
objectionable properties Such substances mclude sulphur 
dioxide, dialkyl sulphates, and chlorides, and of course 
sulphur Itself While the removal of sulphur dioxide is 
easily and completely effected by an alkah wash, dialkyl 
sulphates and acid chlorides are not so easily destroyed 
and may even survive distillation Both clas^ of com- 
pounds hydrolyse slowly and generate aad products which 
catalyse gum-fbrmation or are corrosive As, however, 
these substances are products of the lefinmg processes 
themselves, th^r can hardly be considered with those the 
formation of which can hardly be avoided Even so, a 
finished product containing such substances generally 
leads to many complaints. Sulphur actually also comes 
under this category, for by due care its formation can 


usually be avoided Once foimed, httle short of re-rutuung 
or mixing with unrefined material and re-treating can give 
a satisfactory product Its presence in a fimshed product 
renders the latter extremely corrosive and unstable to light 
and storage, particularly if cracked 

The need for the removal of the resinous bodies generally 
referred to as ‘gum’ is obvious It is now recognized that 
these bodies may be preformed, i e already present in 
solution, or potentially present, which is to say that com- 
pounds are present capable of forming them under certain 
conditions While under suitably drastic conditions most 
hydrocarbons form resmous or high-boilmg compounds, 
unsaturated hydrocarbons, especially certam conjugated 
diolefines, are particularly prone to do so Gum-formation 
IS. therefore, almost entirely limited to cracked distillates 
with the possible exception of certam straight kerosme 
and naphtha distillates 

What IS actually meant by the term ‘gum’ is somewhat 
mdefinite Theoretically the tests devised to measure the 
gum content or gum-formmg propensities of a aacked 
gasoline are intended to mdicate how these products 
would behave under actual conditions in use in an engine 
Attempts at correlation are, however, not always entirely 
satisfactory because, apart from other considerations, con- 
ditions vary from one engme to another All that is 
possible, therefore, is a test which enables products to 
be compared under definite standard conditions, and this 
IS not completely reliable as there have been instances 
when the laboratory test has failed to agree with behaviour 
m practice Most tests for actual gum content merely 
mvolve evaporation of a known volume under standard 
conditions and weighmg the residue Potential gum is 
either indicated by oxygen absorption or by repeating the 
evaporation test after the sample has been exposed in an 
oxidizmg atmosphere 

There are many objections to gum in automotive fuete 
Throughout the entire mtake system evaporation occurs 
and resinous matter is deposited causmg movable car- 
burettor parts and valves to stick, under the influence of 
heat the gummy deposit decomposes, becommg less soluble 
and eventually carbonizmg, as a result of which hard 
masses form under the valve head, prevent it from closmg 
completely and so cause pitting or bummg of the metal 
seatmgs In the combustion space gum merely mcreases 
carbon formation, thus materially reducing the effective 
running periods between decarbonizations So great has 
the nsk of engine trouble through sticking valves been 
considered that even to-day, although gum-formation can 
be almost entirely prevented, the use of cracked gasolines 
for aircraft is by no means generally approved 

Gum-formation, consequent as it is upon oxidation, is 
almost mvanably accompamed by decrease m octane 
rating Peroxides, which possess intense pro-knock pro- 
perties, have been shown to play an important part m 
gum-formation and are undoubtedly the mam cause of the 
fall in the anti-knock value 

The mtroduction of inhibitors, such as catechol or 
p-benzylammophenol, which are capable of preventing 
gum-formation, has had a marked effect upon the refimng 
of cracked gasohnes With their aid a stable cracked 
gasolme can be produced with very much less drastic 
refimng than without it Treatment can be so reduced that 
refimng losses both m octane rating and yield are httle 
more than normal handhng losses To what extent the 
phenols present m most taw cracked distillates survive 
refimng treatments and aid m the stabilization of the 
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finished product is uncertain. Certauily unsaturated mate- 
rials produced under conditions precluding the formation 
of pl^olic compounds are generally extremely unstable 
and require immediate inhibitmg 
Numerous processes have been devised for the refining 
of light distillates both straight and cracked. Some of 
these have become generally adopted while others have 
not As a general rule those which have been umversally 
adopted are easy to adapt to various stocks, cheap to 
operate, requiring little in the way of special equipment or 
materials, and do not need too close control 
Undoubtedly for the most eflective and efficient opera- 
tion of a process close control is essential Many processes, 
eg the hypochlorite process, can only be successfully 
worked under such conditions Continuous operation, 
which mvanably makes for efficient operation, requires 
less control than batch operation provided once set the 
conditions are mamtained In a refinery receiving different 
crude oils m varying proportions, this is impossible be- 
cause the feed and ffierefore the conditions must be 
changed every few hours unless it is possible to segregate 
each crude oil and handle it separately Usually it is more 
convement to use a batch or semi-continuous process 
However, when continuous countercurrent treatment can 
be employed labour and chemical costs can be reduced to 
an astonishing extent 

Only refinmg processes requiring cheap chemicals can 
be successful The effluent should be as nearly valueless as 
possible and easy to dispose of While recovery processes 
for waste chemicals are practical and are in everyday use, 
if they can be avoided so much the better Frequently 
they are adopted as much to solve the disposal problem 
as for any other reason The possibility of isolating 
marketable chemicals from refinery waste, e g plumbite, 
seems to be attractmg a certam amount of attention 
Whether the markets could absorb the enormous amounts 
of these substances which could be recovered is a debatable 
question 

In the foUowuig pages the chemistry of the more 
commonly adopted processes is discussed Certam other 
treatments which have a beanng on these processes or 
which are considered to be promising or of interest, e g 
the bruate process, have also been included 

UL TREATMENT WITH ALKALI. THE PRE- 
LIMINARY CAUSTIC WASH 
We have seen that m general the distillation of crude 
oils furnishes light distillates which, apart from their 
hydrocarbon content, contam varying amounts of sulphur, 
oxygen, and nitrogen compounds together, frequently 
with traces of hydrogen chloride Certain of these, such 
as hydrogen sulphide and chlonde, are strong acids, 
whde others, the mercaptans and phenols, are mudi less 
markedly acidic m their properties Whereas the former 
can be easily and completely removed from the distillates 
in which they occur by alkali washing, the latter are only 
incompletely removed m this way, the extent of ronovid 
dependmg upon the relative acidities of the compounds 
themselves and the conditions obtaiiung Even under the 
most favourable conditions mercaptan removal is far from 
complete and other methods must be employed Many 
methods with this object in view have bem devised, but 
only a limited few have been generally adopted and these 
will be discussed later under ‘Sweetenmg and Desul- 
phurizing Processes’ As such processes almost mvanably 


mvolve the consumption of some chemical other than 
alkah, for example litharge, chlonne and so on, it follows 
that the more effectively the initial alkah washing is earned 
out the lower will be the actual chemical requirements 
Hie prelunmaiy alkali wash generally consists in treatment 
With an aqueous solution of a caustic alkah either freshly 
prepared for the purpose or in the form of a spent chemical 
wash which still contains free alkah 
The two major factors governing the choice of caustic 
alkah for the preliminary alkali wash are cheapness and 
effectiveness Of the four caustic alkahs readily available, 
caustic soda and potash, lime and ammonia, only the 
sodium and calcium compounds are sufficiently cheap for 
general use The use of caustic potash has been advocated 
for special purposes when possibly it may possess some 
advantage over caustic soda or hme, but its high cost is 
agamst its general adopUon Ammonia finds a defimte 
apphcation because as a gas it can often be injected mto 
a distillation system at a pomt most smted to combat 
corrosion, particularly that resulting from the presence of 
traces of hydrogen chloride The quantity required is 
relatively so small that the high cost is not of such great 
importance Both caustic soda or hme are widely used, 
particularly the former, which possesses certain definite 
advantages over the latter Lime is, however, very much 
cheaper, so that the choice rests upon such conditions as 
availability, equipment, and so on As it is really the 
hydroxyl group which concerns the refiner, he naturally 
purchases it m the cheapest and most convement form 
The chief disadvantage of hme is the low solubility in 
water which renders it necessary to handle large buUu of 
solution, and where water is not too plentiful this alone 
IS sufiScient to preclude its use The solubility of slaked 
hme (calcium hydroxide) in water at vanous temperatures 
is given m the followmg table (Mellor [1 10, 1923]) 

I Cakium hydroxide 
g per 100 g solution 


0 0185 

10 0 m 

20 0 165 

40 0141 

60 0116 

80 0 094 

100 0 077 


As calcium hydroxide is generally obtamed by slakmg 
quicklime, Lamy’s observation that the temperature of 
preparation of the anhydrous oxide effects the solubihty is 
of interest 

The drop m solubihty with nsing temperature is very 
marked and offers a very defimte disadvantage m the use 
of lime-water m certam operations, such as, for example, 
in a condensing system, where the temperature of the lime- 
water is raised during use This difficulty can be overcome 
by usmg more dilute hme-water than is usual, but this 
mvolves an even higher water consumption. For ordinary 
operations saturated lime-water is conveniently used, 
prepared by dilutmg hme slurry and settling out the 
insoluble material. The slurry is most conveniently pre- 
pared by slaking quicklime, an operation which on a large 
scale requires care owing to the heat evolved. Calcium 
hydroxide can of course be purchased as such, but as 
It already contains combmed water, relatively more is 
consumed. 

The r^no’ m considering the use of hme in place of 
caustic soda must consider the advantage it offers m 
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cheapness against its disadvantages The low solubihty 
renders it necessary to handle large volumes of lime-water 
with resultant mcreased pumping and storage costs Where 
water is scarce, the water requirements may weigh against 
the use of lime, a method for overcoming this difficulty 
is described below, for even where water is cheap it is 
desirable to use as little as conveniently possible 
Caustic soda, although comparatively cheap, is more 
costly than lime While it is usually shipped in drums in 
solid form, where refineries are conveniently situated it 
can be purchased as a concentrated solution in railcars 
The solution which is obtained directly from the electro- 
lytic cells contains sodium chloride, but this offers no 
disadvantage On a sodium hydroxide basis, the solution 
is considerably cheaper than the solid, as it does not have 
to bear the cost of evaporation or of containers The 
greater bulk which has to be transported by rail is offset 
by the fact that subsequent handling charges are mimmized 
Sodium hydroxide is readily soluble in water, as shown 
in the followmg table (Mellor [109, 1923]) 

Sodium hydroxide. 

Temperature, ° C | ^ per 100 g solution 
-20 I 16 0 

o’ 29 6 

20 I 52 2 

40 I 56 3 

80 1 75 8 

no I 78 5 

192 I 83 9 

The solubility increases quite normally with increase 
in temperature In practice, high concentrations such as 
those present in saturated solutions are seldom if ever 
employed in the treatment of light distillates, the usual 
concentration varying from 5-15% (10-20° B6 ) according 
to the operation involved Since more highly concentrated 
solutions are occasionally obtained during the preparauon 
of caustic soda solutions which on cooling tend to crystallize 
in Imes, &c , where re-solution may prove difficult, care 
should be taken to ensure that dilution is earned out tefore 
this can occur Ordinary water invariably contams calaum 
and magnesium salts, and causUc soda solutions generally 
are cloudy, due to the presence of suspended matter 

Hydrogen Sulphide Removal 
Hydrogen sulphide, unlike certain of the sulphur com- 
pounds present in the Lghter petroleum distillates, occurs 
as such in crude oil and natural gas Even though this can 
be conveniently removed by stabilization, more is m- 
vanably formed during the primary distiUaUon and this 
must be removed by chemical methods 
One of the chief objections to the presence of hydrogen 
sulphide in the lighter distillates is the ease with which 
oxidation to sulphur and water takes place and, in spite 
of the fact that for certain treatments the presence of 
sulphur IS actually advantageous, as a general rule it is 
desirable that it should be removed as soon aAer formation 
as possible This is particularly true of distillates which 
are to receive hypochlonte treatment at a later stage, for 
the success of the process is largely dependent upon the 
absence of free sulpW 

If aenal oxidation can be successfully avoided the 
urgency is not so great, but the mgress of air mto a con- 
densing system or storage tank is sometimes difficult to 
prevent. Although the oxidation does not appear to take 
place when both air and hydrogen sulphide are dry, this 
18 unlikely to occur during a distiUabon of crude oil, which, 


even if steam is not employed, invariably contains a httle 
water Moisture greatly facilitates the reaction, a faa 
which can be observed durmg the distillation of a hydrogen- 
sulphide-bearmg material m glass apparatus, the formation 
of free sulphur occurring at the point at which condensa- 
tion of the vapours takes place It is for this reason that 
the condensers of distillation umts are generally found to 
be corroded at this point— the corrosive action being m- 
creased by the temperature Elemental sulphur formed 
under such condiUons is amorphous in form and very 
much less soluble in petroleum hydrocarbons than the 
crystallme form Even when oxidation can be avoided 
in the condensers by using a closed system — and it should 
be remembered that crude oils and water contain dissolved 
air — oxidation may take place in storage tanks, and the 
sulphur IS then crystalline in form and relatively soluble 
Before the mtroduction of suitable devices to prevent 
breathing losses, &c , crystals of sulphur were frequently to 
be found in the vapour space above the liquid which invari- 
ably contained relatively large amounts in solution Even 
when there is no objection to the presence of sulphur in the 
disullate for other reasons, both it and hydrogen sulphide are 
highly corrosive, attacking iron with the formation of ferrous 
sulphide, the latter oxidizes so readily m contact with air 
that fires frequently result 

Undoubtedly the most convenient stage for hydrogen 
sulphide removal is in the condensmg system, that is to say, 
as soon after formation as possible This can be effectively 
earned out by mjectmg caustic alkali solution mto the 
condensers at some point ensuring mtimate contact This 
procedure also serves to remove any hydrogen chlonde 
which may be present and may dispense with the need for 
ammonia ipjecuon 

Compared with the mercaptans, hydrogen sulphide is 
a strong acid and being dibasic is capable of formmg two 
series of salts, the sulphides and hydrosulphides When 
caustic soda is used, the reacUon takes place m two stages 
as follows 

2NaOHH-H,S - Na,S+2H,0 
Na,S+H,S 2NaSH 

Both products are readily soluble in water although some- 
what less so than the hydroxide While the normal 
sulphide IS stable and crystallizes from solution m large 
colourless crystals containing nine molecules of water of 
crystallization, the hydrosulphide is unstable and decom- 
poses into the normal sulphide and hydrogen sulphide if 
an attempt is made to isolate it by evaporation The 
instability of the hydrosulphide is so marked that hydrogen 
sulphide IS disengaged when a stream of an mert gas or 
steam is passed through the solution, with eventual com- 
plete conversion mto sulphide Advantage has been taken 
by Meyer of the ease with which the sulphide can be 
regenerated from solutions of the hydrosulphide m a pro- 
cess for removmg hydrogen sulphide from natural gas 
The latter is scrubbed with caustic soda m a counter- 
current system until saturated with hydrogen sulphide and 
a solution largely composed of the hydrosulphide leaves 
the plant This is regenerated externally by blowing with 
steam, or preferably flue gas, which removes the hydrogen 
sulphide The solution of the sulphide left is then used for 
scrubbmg the gas and the cycle of operations repeated. 
TTie reactions involved are 

NaOH+H,S -> NaSH-|-H,0 
2NaSH-NatS+H,S 

Nb,S+H,S - 2N8SH 
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Provided that sodium sulphide forms the main product 
of the reaction any concentration of caustic soda can be 
used for hydrogen sulphide removal The efficiency ob- 
viously falls with increasuig hydrosulphide concentration 
so that counter-current operation gives the most economical 
soda consumption In practice, however, alkali washuig 
also mvolves mercaptan removal, which for reasons to be 
discussed later requires the presence of an excess of soda, 
so that the question of hydrosulphide formation does not 
need consideration 

In spite of the fact that calaum sulphides are much less 
defimte chemically m aqueous solutions than the sodium 
salts, lime-water can be effectively used in hydrogen- 
sulplude removal Even though the solubility of calciuir 
sulphide in ivater is low (Riesenfeld and Fled [129, 1921]), 
there is no separation as reaction with the water occurs and 
calcium hydroxy-hydrosulphide is formed 
CaS+H,0- Ca(SH)(OH) 

If suffiaent hydrogen sulphide is present, the reaction 
goes a stage farther and the hydroxy-hydrosulphide is con- 
verted mto the hydrosulphide 

Ca(SH)(OH)+H,S - Ca(SH).-rH,0 

Calcium hydrosulphide is considerably less stable than 
the correspondmg sodium salt, and can only be obtained 
in any degree of purity in the presence of an excess of 
hydrogen sulphide Under ordinary conditions it readily 
loses hydrogen sulphide and precipitates calcium sulphide, 
so that It IS undesirable to go farther than the hydroxy- 
hydrosulphide for hydrogen sulphide removal 

Lime-water, used in a condensing system, is likely to 
give trouble unless precautions are taken to avoid the 
separation of lime which occurs owing to the decreased 
solubihty at the higher temperature This lime not only 
tends to cause emulsification with the distillate but it is 
deposited on the condensmg surfaces, thereby considerably 
lowermg their effiaency The trouble can be avoided by 
using instead of saturated lime-water a weaker solution 
which will enable the lune to remain in solution, le 
0 02 N instead of 0 04 N A sufficient volume is us^ to 
remove all the hydrogen sulphide and yet maintam an 
excess of lime A considerable saving in water can be 
effected by mixmg the spent hme-water, after the separation 
of the distillate, with sufiicient lime slurry to bring the 
concentration back to 0 02 N and, after settling to remove 
suspended matter, recirculaung the soluUon to the con- 
densmg system The operation can be repeated for some 
tunc before the calcium hydroxy-hydrosulphide — ^whicb is 
comparatively soluble— reaches saturation The recovery 
of the spent hme-water, while theoretically possible 
steam blowmg, is not economical 

The rocychng of lime-water in this way for scrubbmg the 
distillate vapours is hmited to hydrogen sulphide removal 
When employed for washing disUllates, a saturated solution 
is used, preferably m counter-current Under these condi- 
tions a certam amount of mercaptan removal {yide urfra) 
also takes place and recyclmg is not, therefore, possible and 
the spent lime-water is discarded Naturally a very much 
larger wash is requued when lune is used, roughly 60 vol. 
of hme-water bemg equivalent to one of 10% causuc soda; 
this necessitates a considerable mcrease m eqmpment size 

Metaqptan Removal. 

The second function of the prelunmary alkah wash is 
to reduce the mercaptan content as far as possible, thereby 


effectmg a considerable savmg m the chemical reqmred 
in the sweetening process 

Sodium and calcium mercaptides, with which we are 
here concerned, are readily soluble in water but insoluble 
in petroleum disUllates Mercaptans are weak acids, so 
that in aqueous soluUon the salts are very largely hydro- 
lysed and the solutions possess a strong odour of the 
mercaptan As a result, when a solvent which is immiscible 
with water is present, such as, for example, gasoline, the 
mercaptan — itself almost insoluble m water— passes into 
the solvent layer A state of equilibrium is thus set up and 
the mercaptan distributed between the aqueous and solvent 
layer The relative amounts of mercaptan in the two layers 
is determined by the degree of hydrolysis, itself dependent 
upon the relative acidity of the mercaptan as well as certain 
other condiuons In the aliphatic senes with which we 
are largely concerned the relaUve acidity decreases with 
molecular weight, the acidic properties, as shown by the 
amount extracted from petroleum ether solution under 
standard condiUons by 10% sodium hydroxide solution, 
falling off very rapidly as shown in the followmg table 
(Birch and Norris [H, 1925]) 

Mercaptan \ % remand 
Hydrogen sulphide , 1000 

tthyl 97 1 

n-Propyl ' 88 8 

KoPropyl ' 87 2 

n-Butyl ' 6t 2 

noButyl I 62 8 

uoAmyl I 33 0 

Hydrogen sulphide is included for companson, it is 
actually a much stronger acid than even the most aadic 
mercaptan Apart from the obvious decrease m relative 
acidities with increasing molecular weight, it can be seen 
that the normal mercaptans are slightly more acidic than 
the corresponding isomers 

The decrease in mercaptan removal by soda with in- 
creasmg molecular weight is of considerable importance 
Not only is more required to effect a definite measure of 
mercaptan removal with the higher members, but it is 
obviously impossible to remove the heavier mercaptans 
occurring on the gasolme boiling-range completely without 
an infinite number of soda washes 

The whole question of mercaptan removal by alkali 
washmg has been very thoroughly treated by Meyer [112, 
1931] From the above it can be seen that, with batch 
operation, mercaptan removal is only partial A quantity 
of free mercaptan remams m the oil layer m equibbnum 
with the alkalme layer and is not affected by further 
agitation, the actual amount is determmed by the 
quantity originally present, the relative acidity, the con- 
centration of the employed, the temperature, and 
other factors At first sight it would appear that* as the 
hydrolysis of the alkali mercaptides increases with dilution, 
liberating the free aad, a given weight of caustic alkali 
would be more ^actively employed m high concentration 
than if diluted In actual practice, however, the mercaptan 
present in the oil is generally present only at great dilution 
and It can then be shown that the more dilute the soda 
the more ^ectivety it is employed. This is eiqilained by 
Meyer as follows The equibbnum obtained is the resultant 
of a large number of reversible reactions occurring simul- 
taneously and is governed by the law of mass action. In 
removing mercaptans from gasoline or naphtha solution 
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by means of aqueous causbc soda, the aqueous layer will 
contam 


Free mercaptan m solution [RSH], 
undissociated sodium mercaptide [RSNa], and 
mercaptide ions [RS]' 

The equilibrium reactions involved arc then as follows 
(1) The mercaptan tends to distribute itself between the 
oil and aqueous layer by simple solution 


[RSH oiI]vMRSH aq] 
[ RSHoiI] 

[RSHaq] ‘ 

(2) Sodium mercaptide is formed 


( 1 ) 


[NaOH] + [RSH aq] ^ [RSNa] , H,0 
[NaO H][RSH aq ] 

[kSNa][H,0] ■ 


O) The free mercaptan in the aqueous layer is partially 
ionized 


[RSH aq] ^ [H] I [RS] 
[RSHaq] 

[H] [RS]' 


(3) 


(4) The sodium hydroxide present is partially ionized 


[NaOH] ?= [Na] +[OH] 

[NaOH] 

[Na](OHr 

(5) The sodium mercaptide is partially ionized 


(4) 


[RSNa] [Na] t [RS] 
[RSNa] 

[NSflRSl ■ • 


(5) 


(6) The hydrogen and hydroxyl ions are m equilibrium 


IHllOH] 

tH.dl“ 


( 6 ) 


If now the sodium mercaptide solution is concentrated, 
the conditions are represented mainly by (2) above The 
effect of dilution is mainly hydrolytic and results in the 
hbenition of free mercaptan 

In gasoline or naphtha distillates only small amounts 
of mercaptan are normally present (equivalent to say 
0 1-0 2% mercaptan sulphur) and the soda solution 
obtained is only partially spent’, consisting of a dilute 
solution of sodium mercaptide with a large excess of free 
alkali In such a case ionic dissociation as distmct from 
hydrolytic dissociation is the major factor 
Combination of equations 1, 2, 4, and 5 gives 


[RSr 


C«[RSH oilllOH]' 
C.C,C.[H,0] 


and similar from 1, 3, 6 
IRS]' - 


[RSH oil][OH]' 
C.C.C,[H,0] 


(7) 


( 8 ) 


Now the mercaptan removed by the soda is present in 
three forms free [RSH aq], [RSNa], and [RS]' As the 
solubility of mercaptan (with the exception of the hghter 
members) in water is negligibly small, the amount removed 
by water alone from the oil layer would be neghgible 
Ifenoe the first term [RSH aq] expressed m grammes per 
milhlitre is so small that it can be neglected Moreover, 
at the dilution under consideration most of the sodium 
mercaptide would be ionized It follows, therefore, that 
the mercaptan or mercaptan radical, removed by the soda, 
u removed mainly as mercaptan ion [RS]'. 


From equations 7 and 8 above, it can be seen that other 
factors being constant the [RS]' term is directly propor- 
tional to the [OH]' term Now at ordinary temperatures 
10% caustic soda solution is roughly S0% lonued, while 
01% solution is 95% ionized 
It therefore follows that, as the dilute solution contams 
almost twice as many hydroxyl ions without much afiectmg 
the molal concentration of the water, for a given equili- 
bnum concentration of mercaptan in the oil layer, a unit 
weight of caustic soda should remove twice as much 
mercaptan in 1% solution as in 10% Meyer was able to 
demonstrate the soundness of this reasoning and the 
followmg table gives the overall distribution coeffiaents 
which he obtained 


These results are relative to the molecular volume of 
the naphtha employed and to the temperature at which 
the experiments were earned out, approx 100® F 

It will be noted that the overall distnbuUon coefiicients 
for 1 yo soda are about one-fifth those for 10% soda Smee, 
however, for a given weight of soda, 10 vol of the weaker 
are available for every volume of the stronger, it follows 
that twice as much mercaptan can be removed by the 
weaker soda 

The observaUon of Borgstrom [24, 1930] that the 
removal of mercaptans by 4 given amount of caustic soda 
increases with concentration up to molal and then falls 
away, appears to be at variance with Meyer's findings 

liie question of mercaptan removal has also been 
examined by Happell and Roberteon [64, 1935] These 
authors make the following generalizations (a) For a 
given normal mercaptan the distribution coei&ient is 
roughly four times as great as that of the next normal 
mercaptan with one addibonal carbon atom (b) Secondary 
mercaptans are less easily removed than the normal 
isomers (c) By assuming activity coefiicients — to allow 
for incomplete loruzation — of 0 95, 0 70, and 0 50 for 
solutions contaming 0 0834, 0417, and 0 834 lb caustic 
soda per US gal an accurate correlation of the distribution 
coefficients at different concentrations is obtamed For 
more dilute solutions an activity coefficient of 1 is em- 
ployed id) The characters of the hydrocarbon solvent has 
httle if any effect, and (e) the data obtained indicates 
that a drop of 20° F in temperature will mcrease the 
distribution coefficient by about 50% — a factor hitherto 
madequately considered 

Meyer (loc cit ) pomts out that although batch washing 
effects only a partial removal of mercaptans, and conse- 
quently would only be complete if an infimte number 
of washes was given, complete removal is theoretically 
possible by counter-current treatment In practice, in a 
system of muung pumps and setthng tanks, assummg equi- 
hbnum m each pump and supplymg just sufficient soda 
to remove all of a given compound by countercurrent 
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extraction theorebcaUy, the efSaency of removal is ac- 
tually R(n+1) where n is the number of pump stages 
As tins efiSaency is only mcreased from 80% for a four- 
stage plant to 83 3% for a five-stage unit, a point must 
be re^ed when it is cheaper to use more chemical to 
secure greater removal It must also be remembered that 
gasoline and naphtha contam not one but a whole range 
of mercaptans, each of which possesses a different dis- 
tribution coefficient Thus, while the lower mercaptans 
may be completely removed and the middle mercaptans 
partially so, the high-boilmg members will remain almost 
completely unaffected The effect at which the refiner 
aims IS as complete an overall mercaptan removal as is 
possible with the mmimum consumption of soda 

The use of lime-water for mercaptan removal does not 
appear to have received the consideration it merits, which 
IS surpnsing when the low pnee of lime compared with 
that of caustic soda is considered It has been shown above 
that caustic soda is most effectively employed in concen- 
trations sufficiently low for complete ionization Even 
when saturated, lime-water is almost entirely ionized, it is 
consequently just as effective m removmg mercaptans as 
a caustic soda solution of equal normality Expressed 
another way, caustic soda and calcium hydroxide are equi- 
valent, weight for weight, when employed in sufficiently 
dilute solutions It naturally follows that a considerable 
savmg can, therefore, be effected by the use of lime 

In order to overcome hydrolysis of the mercaptides, 
Vesselovsky and Kalichevsky [147, 1931] suggest the use 
of either caustic soda or potash dissolved in absolute 
alcohol as a treatmg reagent Experimentally they showed 
that with the use of this solution mercaptans are extracted 
quantitatively from naphtha Mercaptides and water are 
formed, but as the former is hydrolysed only to a very 
slight extent the reaction is practically irreversible and there- 
fore complete For similar reasons solid caustic alkalis 
can be used, sodium hydroxide reactmg more rapidly than 
the potassium compound 

Recovery of Spent Soda. 

From the ease with which mercaptides are hydrolysed 
m aqueous solution to liberate mercaptans, the recovery 
of ‘spent soda’ appears to be a perfe^y straightforward 
operation Possibly this may be so when the soda has 
been used solely for mercaptan removal, but as a general 
rule other compounds besides mercaptans are removed at 
the same time, particularly hydrogen sulphide and phenols 
While the obvious method of steam-blowing is extremely 
effective in drivmg off the mercaptans it is without effect 
on the sulphides As a consequence, unless steps have been 
taken by installing, for example, a prelunmary alkah wash 
solely for hydrogen sulphide removal, after several cycles 
of use and recovery a considerable part of the soda is 
converted mto useless sodium sulphide Side-reactions 
also occur which complicate recovery Mercaptans are 
extremely easily oxidized to high-boilmg disulphides whidi, 
bemg insoluble m water but completely misable with oil, 
will, unless completely removed from the recovered soda, 
find their way mto the next batch of oil treated This 
oxidation, which can be represented thus, 

2RSH-^.R,S.-l-2H. 

can result from atmospheric oxidation or oxidation by sul- 
phurorpolysulphidespresentinthesoda Attention was first 
drawn to the atmospheric oxidation of mercaptans by Birch 
and Norm [13, 1925], but Lachman [192, 1931] studied the 


reaction more fully He showed that m certain instances 
mercaptans could be completely oxidized at 20-25“’ C. 
merely by agitation m dilute alkah solution in the presence 
of air The oxidation appears to take place through the 
mercaptan ion and is greatly influenced by the presence 
of certain sohds No doubt oxidation occurs when aenal 
agitation is employed during the prebmmary alkali wash 
Birch and Noms also observed the oxidation of mercaptans 
by sodium polysulphides, a reaction which occurs with 
considerable ease, particularly on warming It takes place 
very definitely during the steam-blowing of spent soda, 
although most of the products are carried off with the 
steam The formation of the polysulphides results from the 
solution of sulphur cither in the aqueous sodium sulphide, 
Na-S+nS- Nu,S,n. 

or hydroxide, when the thiosulphate is also formed, 
6NaOH+nS - 2Nd,S,„ j, rNd.S.O,4 3H,0 

The composition of the polysulphides themselves is un- 
certain Both Bottger [23, 1884] and Gauthier [60, 1884] 
suggested that the sulphur is present only m simple solution, 
but the existence of chemical compounds now appears to 
be definitely established Doubt, however, still exists con- 
cermng their actual constitution, and it is probable that, 
while no uniform compounds are present, various com- 
pounds are present in a condition of complex equilibrium 
with one another (cf Bottger [23, 1884], Holmberg [67, 
1908]) The constitution as determined by analysis vanes 
between NaiS, , and NatS^ 

The alkali polysulphides are deep yellow to red in colour 
and It IS to their presence that spent soda usually owes its 
yellow colour The solution of sulphur in sodium sulphide 
forms the basis for a process for the removal of elementary 
sulphur from the fighter distillates, gasolines in particular 
The treatment is carried out by contmued agitation of the 
distillate with sodium sulphide solution or more usually a 
spent alkali wash containing it, removal is slow and several 
hours agitation arc required to effect any measure of de- 
sulphurization The reaction between the mercaptides 
and the alkali polysulphides is favoured by heat So readily 
does the oxidation occur that spent soda containmg poly- 
sulphides may after standmg for some time be entirely free 
from mercaptans, only disulphides being present 

At elevated temperatures BiUheuner and Reid [10, 1930] 
found that mercaptans and aqueous soda are capable of 
reacting At 260° C three reactions occur sunultaneously, 
givmg as products the correspondmg alcohol, thio-ether, 
and olefine respectively These reactions may be expressed 
as follows 

(1) RSH-|-2NaOH ■= R0H+NB,S-fH,O 

(2) 2RSH-(-2NaOH - R,S-)-Na,S-l-2H,0 

(3) R CH, CH, SHH 2NaOH = R CH»CH.+Na,S-|-H,0 
While there is no evidence that these reactions occur dunng 
the steam-blowmg of spent soda, it is extremely probable 
that they do as the reactions appear to take place with 
great readmess Secondary mercaptans react to a greater 
extent than the primary members thus heated at 260° C. 
for 2 hrs with 3 N causuc soda (i e 12%) 52 2% of 
R-propyl mercaptan was decomposed, while under identical 
conditions 654% of ilropropyl mercaptan reacted Pre- 
sumably the tertiary mercaptans would react even more 
readily Temperature was found to have a veiy consider- 
able effect, a use of 20° from 250° to 270° C more than 
doubhng the amount of mercaptan destroyed; mcreasing 
the penod of heating at any definite temperature also 
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favoured the reaction One curious fact observed by 
BiUheimer and Reid was that increase m alkali concentra- 
tion tended to decrease the relative proportions of thio- 
etheis in the products The unportance of the reaction in 
soda recoveiy— particularly m the form of recovery which 
merely consists in boilmg down the spent soda without the 
application of steam — ^is that although the org anic pro- 
ducts are all volatile and earned away part of the soda is 
lost as unrecoverable sulphide 
In connexion with Billheimer and Reid’s observations, 
the treatment of light distillates by countercurrent extrac- 
tion with hot alkali solutions as suggested by Kimball 
[80, 1931] IS of interest In this process the solution is 
kept at a su£Sciently elevated temperature to maintain the 
distillate in the vapour phase From the hydrolytic stand- 
pomt these conditions would be the worst possible for 
mercaptan removal and it must be assumed that any 
desulphurization and sweetening occurring is due to 
reacUon between the alkali and mercaptans 
The complexity of these side reactions, and the formation 
of sodium sulphide, renders soda recoveiy very unsatis- 
factory and generally an uneconomical process In the 
past the use of high concentrations of soda, most of which 
left the plant unaltered, was a rather different undertaking 
Modem methods with efficient use of weak soda give a 
spent wash so dilute that it is cheaper to dispose of it than 
to attempt to recover it Possibly the development of uses 
for mercaptans or disulphides may eventually change this 


The Estimation of Mercaptans. 

The estimation of mercaptan sulphur is frequently re- 
quired either for purposes of research or for checking the 
efficiency of mercaptan-removmg processes While this is 
relauvely simple when dealing with straight distillates or 
the carefully purified naphtha solutions generally employed 
for investigations on pure sulphur compounds, with cracked 
products the presence of unsaturated hydrocarbons renders 
special methods necessary 

Smee with most methods hydrogen sulphide and sulphur 
interfere with the determination, they must be first re- 
moved, this being conveniently accomplished by means of 
aqueous cadmium chlonde and mercury respectively 

The earliest method for the estimaUon of mercaptans 
was described by Klason and Carlson [8S, 1906], it was 
based upon the iodine oxidation reaction which they 
claimed proceeds under certain conditions to completion 
It was observed that the addition of sodium hydrogen 
carbonate to neutralize hydrogen iodide formed was not 
only unnecessary but actually detnmental The reaction 
was later mvestigated by Kimball, Kramer, and Reid [81, 
1921], who improved Klason and Carlson’s procedure and 
showed that the method could be used satisfactorily to 
estimate both aliphatic and aromatic mercaptans Its 
apphcation to mercaptans m hydrocarbon solution was 
first desenbed by Sampey and Reid [134, 1932], who not 
only titrated the excess of lodme with thiosulphate but 
determmed the hydrogen iodide hberated with sodium 
hydroxide The latter method did not prove as accurate 
as the former but was developed m the expectation that it 
would prove useful when apphed to cracked disullates. It 
was found, however, that m the presence of unsaturated 
hydrocarbons neither method was applicable For many 
purposes the lodme method is convement, rapid, and suffi- 
ciently accurate; it is employed m some Irenes as a 
routine test for strai^t products A second acidometnc 
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method based upon the hydrogen chlonde liberated when 
a mercaptan reacts with mercunc chlonde, 

RSH + HgCI, = RSHgCH HCl. 

was described by Sampey and Reid (loc cit ) This, too, 
was shown to give good results if olefines were absent, but 
failed when they were present owmg, as Hoffmann and 
Sand [66, 1900] had shown, to reacUon between olefines 
and mercuric chloride forming hydrogen chloride 

Several methods based upon the plumbite reaction have 
been suggested, but it is doubtful whether such methods 
can give rehable results owing to the complexity of the 
reaction and the readiness with which oxidation occurs 
Thus Youtz and Perkm [161, 1927] proposed to estimate 
mercaptan sulphur by the difference in total sulphur con- 
tent before and after treatment with alcohohe plumbite 
solution containmg some solid lead sulphide (cf Lachman 
[92, 1931]) No results were, however, given At prac- 
tically the same time, Fara^er, Morrell, and Monroe 
[S3, 1927] published details of two methods based upon 
the use of plumbite In one, relying upon the solubility of 
alkyl mercaptides in benzene, the benzene solution of the 
gasolme was treated with basic lead acetate solution and, 
after removal of the excess of reagent, the lead remaimng 
m the hydrocarbon layer estimated The second method 
resembled that suggested by Youtz and Perkm and was 
based upon differences in sulphur content before and after 
treatment with plumbite 

The use of silver mtrate for the removal of mercaptans 
from petroleum distillates was first employed by Birch and 
Norris [15, 1926], but Borgstrom and Reid [25, 1929] 
showed that the reaction was quantitative Mercaptan sul- 
phur could therefore be determined by difference in sulphur 
content before and after treatment with aqueous silver 
mtrate, but the preferred method consisted in titratmg the 
excess of silver with thiocyanate m the usual way Since 
the occlusion of silver m the precipitated mercaptide gives 
high results, it is essential to ensure that the precipitate 
is thoroughly disintegrated, preferably by shakmg with 
excess of thiocyanate in a shaking machine To obviate 
this, Malesoff and Marks [101, 1931] recommend adding 
methyl alcohol, claiming thereby to overcome the erratic 
results given by the origmal procedure Later Malesoff and 
Andmg, Jr [100, 1935], published a detailed account of them 
modified procedure By adopting certain precautions to 
avoid oxidation of the mercaptan sample, employmg more 
dilute solutions, addmg methyl alcohol, and standardizing 
the mdicator, much higher accuracy was obtamed Tests 
on naphtha solutions showed a break-down of sensitivity 
at 0001% mercaptan sulphur and a vanauon of 0004% 
with a concentration of 0 035% mercaptan sulphur Re- 
cently Tamele and Ryland [138, 1936] have adapted the 
method to potentiometnc titration, thus enabling it to be 
used on coloured samples Occluded silver mtrate is 
avoided by titration in alcoholic solution with alcoholic 
silver mtrate, which ehminates the separation mto phases 
Titration is earned out with standard silver mtrate dis- 
solved m isopropyl alcohol and m the presence of suffiaent 
alcoholic sodium acetate solution to dissolve the hydro- 
carbons A silver electrode is employed which obviates an 
excess of silver mtrate and ehminates the simultaneous pie- 
apitation of impurities Smee hydrogen sulphide and sul- 
pW mterfere they must first be removed, although, as the 
authors pomt out, smee silver sulphide is less soluble than 
the mercaptide, it should be possible to estimate both 
sulphur and mercaptan by precipitatmg the sulphide first 
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TThe rn^piiatwH error with a mercaptan (molecular weight 
100) concentration of 0-01 % is given as ±2 0% 

Possibly the most convement method so far devised for 
the estimation of mercaptan sulphur is due to Bond [22, 
1933], who employs a kerosine solution of cupnc oleate 
and titrates directly The estimation is based upon the 
reacuon _ _ 

4RSH+2CuOIa - 2CuSR + RaS, K4H01 
m which the cuprous mercaptide is precipitated The kero- 
sinc soluUon is added from a burette to the sample until 
a pale green colour persists Although Bond recommends 
the use of the oleate (oleic acid prepared from elaine oil is 
stated to give a better colour than ordinary oleic acid), any 
kerosine soluble copper salt may be used c g the naphthe- 
nate An accuracy comparable with Borgstrom and Reid’s 
silver nitrate method is claimed, coupled with much greater 
convenience The method gives satisfactory results with 
cracked products, for which it is particularly suited so long 
as peroxides are absent The latter, together with hydrogen 
sulphide, interfere, but phenols and naphthenic acids are 
without effect 

Smee disulphides on reduction (preferably with such 
reagents as zinc dust and acetic acid) give mcrcaptans, 
R,S,+H. - 2RSH. 

which can be estimated by one of the methods described 
above, this furnishes a useful method for their deter- 
nunation 

IV. SWEETENING PROCESSES 

The processes so far considered arc associated with the 
removal from hght distillates of substances possessing acid 
properties such as hydrogen sulphide and chloride, mcr- 
captans and phenols Efficiency and extent of removal 
achieved are detenmned by such factors as plant condi- 
tions, involvmg intimacy of contact, &c , and the relative 
acidity of the substances involved Whereas hydrogen 
chloride and sulphide are entirely removed, providmg of 
course sufficient alkali is used, complete removal of the 
whole of the weakly acidic mercaptans present, even m 
comparatively hght distillates, is not possible Although 
alkak washing does very definitely improve the odour of 
the raw disuUates, at the same time materially reduemg 
the sulphur content, there is still left sufficient mercaptan 
sulphur to render the product unsaleable on account of 
bad odour and corrosive properties Mercaptans also act 
as catalysts in gum-formation Further treatment is, there- 
fore, necessary to convert the undesirable mercaptans 
remammg after the prehmmaty alkah wash — ^for as such 
It should be regarded— mto less noxious compounds, 
possessing a comparatively sweet odour or to remove them 
entuely 

Of the two processes the former, which is termed 
‘sweetenmg’ — ^untreated distillates containmg mercaptans 
or hydrogen sulphide bemg referred to as ‘sour’— is by 
far the most widely used, desulphurizaUon only bemg 
employed when the sulphur content of the sweetened 
matenal exceeds speciftoition value, or when special 
niiphthaii, e g painter’s naphtha (white spint), are bemg 
produced Obviously any treatment giving complete 
desulphurization must yield a sweet product 

The process of sweetenmg is based upon the oxidation of 
m erca p tans to the corresponding disulphides, a reaction 
wbidi can be made to take place under comparatively mild 
conditions It can be seen from the equation represeatmg 
the reaction. 2RSH = r,s.+2H, 


that It merely involves the removal of two hydrogen atoms 
from two molecules of mercaptans with the linking up 
of the mercaptan residues Tlieotetically, therefore, no 
alteration should occur m the total sulphur content, 
although in actual practice, for reasons to be discussed 
later, this is rarely so Sweetening m certain processes, 
VIZ hypochlorite treatment, is accompanied by a certam 
amount of desulphunzation, while m others, viz the 
plumbite process, a slight increase may and frequently 
does occur 

Conversion of mercaptans into the correspondmg di- 
sulphides results m a considerable change in boiling-potnt 
This difference is shown in the following table for several 
mercaptans boiling within the gasoline range 

Boiling-potnts of Mercaptans and Corresponding 
Disulphides 

j Boiling-poiiu, ° C 
Radical i Mercaptan { Disulphide 

Methyl 5 8 , 116-18 

Ethyl 1 17 153 

#(-Propyl I 67-8 I 192 5 

isoPropyl 59 , 175 

n-Butyl 98 ' 90/4 mm 

uoButyl ' 88 ' 215 

fjoAmyl ! 116-18 250 

ii-Heptyl I 174-5 , 164/6 mm 

The change in boiling-point is very marked, and if the 
mercaptan content is sufficiently high a noticeable effect 
will be observed in the final boilmg-point of the product 
That this IS possible seems unlikely with the comparatively 
low figures quoted for sulphur contents, but it should be 
realized that the mercaptan content is much larger than the 
sulphur content, a fact which is clearly demonstrated in 
the following table 

I Sulphur content I Mercaptan content 

Mercaptan I %_ j equivalent to 0 1 % sjdpjm 

Methyl { 66 6 j 0 15 

Propyl 42 2 0 24 

Amyl 314 , 0 32 

Heptyl I 24 2 I 042 _ 

It follows that redistillation following a sweetenmg 
treatment may result in a very definite reduction in sulphur 
content, the high-boilmg disulphides remammg m the 
residue On this is based a process for the partial de- 
sulphurization of distillates nch in mercaptans 

The Plumbite Process. 

The plumbite process, which was first employed about 
1910, IS to-day one of the most widely used in the petroleum 
industry Ongmally discovered by what may be described 
as ‘rule-of-thumb’ methods, it was not until 1924 that the 
theoretical pnnciples mvolt^ and the mechanism under- 
lymg the process were explamed by Wendt and Diggs 
[150, 1924] Comparatively little cha^ has been made m 
the method of operation and the treatment is still earned 
out very much as it was in 1910. 

Dunng the sweetenmg of a sour distillate a stage is 
reached when the mercaptan content is too low to be 
detected by the nose and some form of quahtative test 
becomes necessary Hw test employed is the so-called 
‘doctor’ test, which consists m shaking the suspected 
sample with a solution of litharge u caustic soda solution. 
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adding, if necessaiy, a small amount of sulphur Any 
discoloration of the solubon or of the sulphur particles at 
the mterface indicates the presence of mercaptans or 
hydrogen sulphide, and the sample under test is said to 
be doctor posibve The coloration produced in borderlme 
cases IS frequently difficult to detect, so that the interpreta- 
tion IS apt to vary to a slight extent with the operator. 
While Borgstrom and Reid [25, 1929] give the sensitivity 
of the test as 000023 molar, Lachman [92, 1931] found 
that a posibve test could still be obtained with a mercaptan 
solubon at 000006 molar concentration Assuming that 
the average gasoline is approximately 0 01 molar with 
respect to mercaptans, this requires removal equivalent 
to 98% for the higher figure or 99 5% lor the lower figure 
to give a doctor negative product 

The curious observation has been made that a doctor 
negative distillate may give a positive reaction if alcohol 
IS added durmg the test Whether this is due to better 
contact of the reagent with hydrocarbon layer or to the 
decomposition of some comparatively unstable compound 
to regenerate traces of mercaptans is not known It should 
be noted that besides mercaptans, peroxides also give a 
posibve reacbon and cracked distillates likely to contain 
them should be examined specially for their presence The 
brown colour formed is due to lead peroxide (Brooks 
[28, 1924]) 

Plumbitc treatment closely follows the doctor test 
The sour disbllate, preferably after a prelmiinary alkali 
wash, IS agitated with sodium plumbite solubon and sul- 
phur added until precipitation is complete This operation 
IS generally referred to as ‘breaking’, the precipitate 
formed being called the ‘blackstrap’ Alter thorough 
settling to ensure that precipitabon is complete, the pro- 
duct IS finished and requires no further treatment 

Sodium plumbite solution, the so-called ‘doctor’ solu- 
tion, IS prepared by dissolving litharge in caustic soda, 
the formabon of the plumbite being expressed by the 
equation 2NaOH + PbO - Na.PbO, + H,0 

The solubility of litharge in solutions of sodium hydroxide 
IS relabvely high, the actual amount dissolved being of 
course determined by the concentration of the latter, and 
the temperature as shown by the following figures based 
upon those given by Bert and Austerweil [7, 1907] 

Solubility of Litharge in Sodium Hydroxide Solution 

Sodium hydroxide. % I 4 | 7 9 j 19 9 

Litharfc, g per litre, 18'' C , 12 3 I 22 3 31 7 

74‘’C I 18 0 319 I — 

Solution is effected by the steam agitation of litharge 
suspended in strong causbc soda, the concentrated solution 
SO obtained being diluted with water or soda to give one 
generally contaiiung about 3i% litharge m 18° B6 causbc 
soda (13%) 

While the actual concentration of plumbite is largely 
unmatenal, a large excess of soda is always employed 
and this serves several useful purposes Not only does it 
help to keep the lead m solution but it is extremely 
effecbve in bringing the mercaptans and the reagent into 
contact Furthermore, it plays a very important part m 
plumbite regeneration by redissolving the oxidabon pro- 
ducts of the blackstrap, when all the plumbite is spent it 
can be used as an effecbve preliminary alkali wash These 
pomts will be considered later 

It should be mentioned here that plumbite solubon 


required in the laboratory for the doctor test is best 
prepared by the addibon of an aqueous solubon of lead 
acetate to a concentrated solubon of sodium hydroxide, 
the precipitate at first formed redissolving Not only does 
this method of preparation enable a more standard product 
to be obtained but it eliminates the possibility of plumbite 
formabon The latter is apt to interfere with the test m 
borderline cases by acting as an oxidizing agent, so giving 
samples actually slightly positive as doctor negative 

As mentioned above, the reaction between the plumbite 
and the mercaptans and hydrogen sulphide takes place in the 
aqueous layer The distribution of mercaptans normally 
oocurnng between the aqueous soda and the hydrocarbon 
layer is upset by the formation of lead mercapbdes or 
basic mercapbdes which results in the mercaptan tending 
to pass completely out of the hydrocarbon layer, 

RSHoii -> RSNda, -> Pb(SR), 

The lead mercapbdes are either precipitated and so removed 
from the reaction zone or dissolve to a slight extent in the 
hydrocarbon layer, particularly if this is highly aromatic in 
nature Similarly, hydrogen sulphide is converted into lead 
sulphide, which, bemg insoluble, separates as a black 
precipitate, 

2RSH + Na,PbO. 2NaOH t Pb(SR), 
H,S+Nd,PbO, = 2NaOHTPbS 

Both normal Pb(SR)j and basic PbSRtOH) lead mer- 
capbdes are formed, an excess of plumbite favouring the 
formation of the latter As a rule secondary mercaptans 
tend to form basic compounds and primaiy mercaptans 
normal derivatives (Ott and Reid [127, 1930]) Both 
normal and basic lead mercapbdes form pale canary 
yellow amorphous compounds which, while unaffected by 
alkaline solutions, arc readily decomposed by weak acids 
such as acetic acid, to regenerate the mercaptan and the 
corresponding lead salt It is for this reason that it is 
impossible to precipitate a mercaptan completely with a 
lead salt when the acid from which the latter is derived 
IS stronger than the mercaptan Furthermore, owmg to 
the low solubility of the mercaptan in water compared 
with hydrocarbons, contact is extremely bad Even if lead 
salts were effecbve, sodium plumbite would sbll be pre- 
ferable on account of its low cost, ease of formation, and 
the fact that unlike many lead salts it does not form 
insoluble basic salts 

While the normal mercapbdes are insoluble m water 
and aqueous solutions, they are somewhat soluble m ben- 
zene and aromatic hydrocarbons, the solubility vaiymg 
with the mcrcapbde Thus the lead salts of the secondary 
mercaptans are more soluble than those of the corre- 
sponding primary mercaptans, mcreasing in solubility 
with increasing molecular weight, the reverse is t^ie of 
the pnmary mercapbdes The basic mercapbdes are also 
soluble m benzene, but whereas in the primary senes the 
basic compounds are more soluble than the normal, in the 
secondary senes the reverse holds true 

As all lead mercaptides are pracbcaUy msoluble m 
paraffinic and naphthenic hydrocarbons, it follows that 
the yellow colour acquired by gasolines or naphthas con- 
taming mercaptans, when agitated with plumbite solutions, 
IS due to the solvent action of the aromabc hydrocar- 
bons present or to suspended mercaptides Frequently on 
standing the yellow colour disappears and a pale yellow 
precipitate forms, whether this is due to settling of finely 
diviiM mercapbdes or further reacbon is uncertain 
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Lead meicaptides are relatively unstable and tend to 
darken m colour, finally becoming converted mto lead 
su^thide thus pb(SR), = R,s+Pbs 


Both neutral and basic meicaptides undergo this decom- 
position, particularly ivhen moist or m solution Heat, 
hght, and the presence of free mercaptan all tend to favour 
the decomposition 

The reaction between the plumbite and the mercaptans, 
smce It does not depend upon a state of equilibnum bemg 
leached, is rapid and is complete as soon as the reactants 
have b^n brought into contact with each other While 
efficient mechanical agitation effects this more rapidly, it 
actually offers little advantage, and air-blowing is generally 
employed for the purpose The fact that the air takes 
part in the reaction and can be made to play a very im- 
portant role was, however, not discovered until com- 
paratively recently The action of the air will be discussed 


later 

At this point the distillate should actually be sweet, that 
IS to say. It should contam no free mercaptan or, of course, 
hydrogen sulphide The next stage is the preapitation 
of the lead meicaptides, either dissolved or suspended in 
the hydrocarbon layer, by adding free sulphur which con- 
verts them largely mto sulphides As an excess of sulphur 
will remam m the product and render it highly corrosive. 
It IS desuable to estimate carefully the actual amount 
required This can conveniently be done by titratmg a 
sample m an evaporating basin with a standard solution 
of sulphur m benzene, when the exact amount required 
to bring about the break is easily found From the 
equation Pb(SR),+S = PbS+R,S, 


the amount required corresponds with exactly half that 
onginally present as mercaptan sulphur, m practice it is 
invariably less There are several reasons for this The 
lead meicaptides present m the precipitate tend to become 
coated superficially with lead sulphide which protects them 
from further action, and both acnal oxidation and com- 
plex side reactions occur 

Ihe equation given above can only be regarded as givmg 
the mam trend of the reacUon Ott and Reid [127, 1930], 
who mvestigated the reaction for many pure meicap- 
tans, showed that the addition of sulphur to a solution of 
normal lead mercapudes usually results in the formation 
of a precipitate contaming both sulphide and meicapto- 
sulphides, thus 


/SR yS— SR 

Pb\ +S -» Pb< -> PbS+R,S. 

SR ^SR 

Pb/*~* + -*■ Pb<^*^Pb+R,S, 

^SR RS/ SR RS 

Lead disulphide was also detected 

K SR yS— SR 

+2S -> Pb< PbS,+RA 

SR \S-SR 

Theacbon of sulphur on solubons of basic lead mercap- 
tides appears to be even more complex Duncan and Ott 
[47, 1932] analysed some of the precipitates formed and 
showed them to be mixtures of lead sulphide and hydroxide 
From the basic mercapbde of jec-butyl mercaptan com- 
pounds of the type Pb,(OH),S» were formed, n bemg 3, 4, 
or even 5 Excess of sulphur again led to the formabon 
of lead disulphide The suggested explanabon for the 


formabon of these compounds is as follows (Ott and Reid 
[127, 1930]) 


^S— SB 


yOH 

a)Pb< +s- 

\SR 

< H yOH 

+2S->Pb< 

I 


yOH HO. yOH HO. 

I) Pb<r -t- >Pb-+Pb< >b)R,S, 

^S— SR RS-R' ^S s/ 

yOH HO. 

» Pt/ + >Pb-^ 

^S— SR RS— S— s/ 
yOH 


'S— S-SR Rk-S— s/ 


yOH HO. 

Pb<^ ^Pb+R.S, 


Smce these reacbons are accompanied by vciy consider- 
able colour changes, the appearance of the oil and plumbite 
layer vanes as the reaction proceeds Normally with a 
sour distillate, from which hydrogen sulphide and sulphur 
are absent, bie addition of the plumbite leads to the 
formabon of a yellow precipitate and a yellow coloiabon 
of the oil Should, however, elemental sulphur be present, 
as It generally is, both the precipitate and the hydrocarbon 
layer tend to be darker in colour, the actual colour, which 
may vary from orange to bnek-red, brown or black, and 
shade depending upon the amount of sulphur present 
The same colour ^ects are usually observed when m- 
sufiBcient sulphur is present for complete reaction, le 
when It IS added slowly in solubon or when the solid is 
added, and an appreciable time elapses before solution is 
complete These colour changes are due to the formabon 
of mercapto-sulphides which, bemg m a very fine state of 
division, only settle after prolonged standing and then 
incompletely On further reaction with sulphur, the colour 
changes to black or veiy dark brown owing to the forma- 
bon of lead sulphide, bus bemg followed by flocculabon 
which results in a rapid and complete precipitabon of the 
lead compounds in solution and suspension The pomt at 
which the break occurs is very definite, and the exact 
amount of sulphur required is somewhat cribcal In view 
of the corrosive nature of free sulphur, it is essential to 
avoid any excess remaming, as an excess at this stage can 
only be removed by redistillation or blending back with 
untreated matenal containmg mercaptans followed by 
further plumbite treatment 

When the required plumbite and sulphur are added 
together to the sour distillate, an immediate blackening 
occurs and no colour changes are observed This is so 
because the mercapbde reacts with the excess sulphur to 
form PbS as quickly as it is formed from the mercaptan 

The suggested mechanisms given above for the formabon 
of complex lead compounds assume that the purely orgamc 
side of the leacbon is simple and merely involves the 
conversion of the mercaptan mto the correspondmg di- 
sulphide The latter bemg miscible with hydrocarbons and 
insoluble in the aqueous layer pass back into the matenal 
being treated, Bir^ and Noms [16, 1929], however, found 
on exammabon that although the disulphides formed 
the mam bulk of the product, higher polysulpbides are 
formed as well. This was later confirmed by Duncan and 
Ott [46, 1931] Whether these polysulphides ate formed 
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through a complex lead denvative similar to those sug- 
gested by Duncan and Ott, 


< s R .SR 

+S->Pl< +2S-*- PbS+R S S S R. 

R ^SR 

or by the direct addiUon of sulphur to the disulphide u 
not known. r.s.,s-ra 


As Holmberg [67, 1908] showed that the second reaction 
only occurs very slowly, the first mechanism is more likely 
to be correct Recent work by the author [20, 1936] has 
shown that treatment of ethyl mercaptan with a large 
excess of sulphur in the presence of plumbite, besides the 
disulphide, gives considerable quantities of the tnsulphide, 
while mdications were obtained that still higher poiy- 
sulphidcs were formed as well 

Air, as mentioned above, can play a very important part 
m the treatment, to a large extent replacing the sulphur 
as oxidizmg agent, 

2RSH+0 - R,S.4 H,0 

The extent to which this occurs, however, is determined 
by plant conditions Under ordmary conditions mvolvmg 
aerial agitation, the effect due to the air is probably not 
very great, but by ensunng intimate contact between the 
hydrocarbon, the reagent, and air, it is possible to replace 
the sulphur almost entirely (cf Rowsey and Whitehurst 
[132, 1927]) 

The part played by the lead sulphide in promoting aenal 
oxidation is very important Wendt and Diggs [150, 1924] 
showed that by acting as an adsorbent, lead sulphide 
effects desulphunzation in a small measure The sulphur 
compounds removed include not only those involved m 
the plumbite process but any other sulphur compounds 
as well Lachman [92, 1931], who investigated the aenal 
oxidation of mercaptans in sodium hydroxide solutions, 
found that the reaction was governed by the speed of 
diffusion of the air into the alkalme layer Any means 
which mcreased this rate of diffusion, as, for example, 
mcreasc in air pressure, area of the alkaline film through 
agitation, or surface of contact by the addition of finely 
divided solids, thereby mcreased the rate of oxidation 
Lead sulphide, by acting as a finely divided solid, cata- 
lytically aids the oxidation by providmg a large contact 
area Fmely divided sulphur Shaves in the same way 
when added in the solid form Owing to the particles 
becommg coated with a protective film of lead sulphide, a 
considerable amount of the sulphur added remains un- 
dissolved and is withdrawn with the sludge 

Theoretically, the treatment of a sour disullate with air 
in the presence of a suspension of lead sulphide in caustic 
soda solution should reqrnre no additional sulphur In 
practice, even when air is largely employed for the oxida- 
Uon, as m the Rowsey and Whitehurst process, the addibon 
of some sulphur is essential This is necessitated by the 
oxidation of the lead sulphide to sulphate, which is con- 
verted by the caustic soda present mto plumbite 
PbS |-20,4'4Na0H Na,PbO, t-Na,SOt f 2H,0 
2PbS+20,+6Na0H - 2Na,PbO,+Na,S,0,+3H,O 
This then reacts m the normal maimer with the mercaptans 
present to form lead mercaptides which arc not completely 
oxidized by the air, and it is necessary to use sulphur 

The use of lead sulphide suspended m causbc soda 
solution has been suggested as a method for handlmg 
distillates so high m mercaptan content that ordinary 
plumbite sweetening methods are mapphcable on account 


of cost The distillate is thoroughly agitated with sulphur 
m the presence of caustic soda solution and a relatively 
small amount of lead sulphide The use of air is optional. 
When sweet the oil is removed and distilled to leave a 
residue contauung most of the sulphur ongmally present 
as mercaptans m the form of di- and higher polysulphides 
Durmg the distillation the temperature should be mam- 
tamed below 160“ C , to prevent the decomposition of the 
polysulphides formed (Standard Oil Development Co 
[137, 1926, 1931]) Other heavy metallic sulphides can 
replace the lead sulphide, but the presence of sodium 
sulphide is stated to be detrimental 

Effect of Plumbite Treatment upon the Knock-rating of 
Gasoluies 

It has been observed that plumbite treatment generally 
mvolves a small but definite fall m knock-ratmg, and 
G M Woods [158, 1935] advocates following the treat- 
ment by redistUlation Uebl, Rendel, and Carton [65, 
1933] also observed that certam West Texas distillates 
after plumbite treatment had a much lower lead response 
than before treatment After redistillation the response 
improves again and corresponds with that of the onginal 
untreated distillates 

While so far no explanation has been put forward to 
account for an effect of the order of magmtude of that 
observed by HebI, Rendel, and Garton, it has been shown 
that all sulphur compounds reduce the lead response to 
a greater or lesser extent Disulphides, mercaptans, and 
trisulphides proved to be particularly effective, the last 
possessing definite pro-knock tendencies as well As these 
substances were tested in comparauvely high concentra- 
tions, It appears probable that the small amount of higher 
polysulphidcs must have extremely pro-knock charac- 
teristics, and be capable not only of lowermg the knock- 
rating of the gasoline itself but of considerably reducing 
the lead response at the same tune [20, 1936] 

Polysulphidcs and Corrosive Properties. 

Although the excessive addition of sulphur gives a 
corrosive product, gasohnes and naphthas m parUcular 
which have been carefully treated may prove corrosive 
under certain conditions Thus Birch and Noms [1 6, 1929] 
showed that the corrosive action of certam acid-washed 
naphthas (white spmt or painter’s naphtha) upon copper 
between 150 and 180“ C. was due to the formation of traces 
of polysulphide durmg this treatment 

Further investigation showed that these compounds 
were also formed durmg the plumbite treatment of gaso- 
line and that on heatmg they tend to decompose The 
corrosive action is due to elementary sulphur formed m 
the decomposition 

The prevenuon of the formation of polysulphides m 
traces docs not seem possible, although by limiting the 
sulphur as far as possible there is less tendency for them 
to be formed 

Plumbite Treatment of Cracked Distillates. 

Plumbite itself possesses no polymenzmg action and 
should therefore only be apphed to cracked gasohnes after 
a preliimnaiy acid or other polymenzmg treatment, e g 
fuller’s earth or zme chlonde The use of plumbite as 
a neutralizmg agent after acid treatment and before 
redistillation is not to be recommended owmg to the 
decomposition of disulphides, &c, durmg distillation, 
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which rendera nccessaiy a still further sweetening treatniMit 
on the distillate Plumbitc is most effectively applied as 
a finishuig treatment, that is to say after acid, neutraliza- 
tion, and redistillation 

ITie Recovery of Spent Plumbite 
Litharge, which is by far the most costly chemical 
employed in the plumbite process, is eventually found in 
the sludge or blackstrap chiefly as lead sulphide suspended 
m an emulsion of oil and caustic soda For many years it 
was the practice to dispose of this material by the most 
convenient method available, which usually consisted in 
depositing it on waste land When later it became neces- 
sary to reduce treatment costs as much as possible, pluinb- 
ite recovery proved an effective means of doing so with 
the added advantage that it solved the disposal problem, 
always a bugbear to the refiner In small refineries, how- 
ever, with limited litharge consumption, recovery is still 
uneconomical and is not attempted 
Early attempts at recovering the lead consisted in 
allowing the solid material to settle as completely as 
possible and then filtermg or centrifuging, the dried 
cake was roasted in air to convert the lead sulphide 
into sulphate The latter was reconverted into plumbite 
by solution in caustic soda. 


REFINING PROCESSES CHEMICAL 

We have seen that the solids present in the spent 


plumbite contem besides lead sulphide varymg amounts of 
disulphide, mercaptides, basic sulphides, and free sulphur 
All of these substances are involved m the oxidation, with 
the result that the process is extremely complex Little 
IS known of the behaviour of lead mercaptides and the 
complex mcrcapto-sulphides when oxidized with air in 
caustic soda solution While Morrell showed that lead 
mercaptides gave only a low yield of alkyl disulphides 
under these condiUons, Ott and Reid [127, 1930] found 
that solutions of lead mercaptides exposed to air at room 
temperature absorbed oxygen and formed comparatively 
stable peroxides of high though varying oxygen content 
There were indications that the oxygen was attached to 
the sulphur and not to the lead, the probable formula for 
the jecbutyl compound being 

0—0 0—0 
\/ 

C.H,-S— I>b-S-C«H, 

tCb (O) 

Whether such compounds are formed even as interme- 
diates at the elevated temperatures used in air-blowmg is, 
however, open to quesUon Undoubtedly decomposition 
of the lead mercaptides to form lead sulphide and the 
corresponding dialkyl sulphide takes place, 


4NaOH fPbSO, - Na.PbO^ Na,SO,T 2H,0 
Wet methods which do not involve roasting are, however, 
preferable, and at the present time several of these ate 
muse 

Atf-BIowing Process. 

This process was onguially employed by the Atlantic 
Refining Company of Philadelphia and is based upon the 
oxidation reaction already described The spent plumbite, 
still containing a httle lead present in solution as plumbite 
(about 0 6%) and the remainder in suspension as lead sul- 
phide, &c (4%), IS allowed to settle m large storage tanks 
Three layers are formed, (a) a supernatant oil layer which 
IS sent to storage, (i>) a middle layer consisting of emulsified 
caustic soda solution with suspended lead compounds — 
this IS sent to the ‘break’ tank — and (c) a bottom layer 
of caustic soda solution contaimng the unused plumbite, 
which IS withdrawn and temporarily stored The middle 
layer in the ‘break’ tank is gradually heated to 150“ F, 
causmg It to separate into a further three layers Of these, 
the top layer of oil is withdrawn, while the bottom con- 
taming the lead sulphide is plai^ in tanks fitted with 
steam coils, thoroughly agitated with air, and heated 
to 175-200“ F unul all the sulphide is rcdissolved The 
generally accepted equation for this reaction is 

2PbS+20,+6Na0H - 2Na,Pb0,+Na,S,0,+3H,0 
although probably the reaction 

PbS+20, , 4NaOH - Na,Pb0,+Na.S0,+2H,0, 
also occurs to a considerable extent Should insufficient 
soda be present for complete soluUon more is added as 
requued 

The regenerated plumbite is finally washed with oil to 
rmiove colouring matter and sulphur compounds ongmally 
adsorbed on the lead sulphide For successful oxidaUon 
the presence of some hydrocarbon oil is essential, experi- 
ments earned out in the laboratory on pure lead sulphide 
suspended m caustic soda solution provmg abortive m the 
absence of oil. 


Pb(SR), - PbS + R,S 

This reaction is known to be favoured by heat and mois- 
ture There is also the possibility of double decomposition 
occurring between the lead mercaptides and the caustic 
soda present, with the subsequent elimination of the 
mercaptan by hydrolysis thus 

Pb(SR), h 2NaOH 2NaSR -I Pb(OH), 
Pb(SR)OH+NaOH - NaSR+Pb(OH), 

NaSR l-H,0 NaOH+RSH 
Pb(OH),-r2NaOH - Na,Pb0,+2H,0 
Oxidation of the protecting layer of lead sulphide leaves 
particles of elementary sulphur These, apart from oxidiz- 
ing any mercaptides remaimng, react with the hot caustic 
soda solution to fonn thiosulphate and polysulphides — 
which of course at once react with the plumbite present 
This acUon can be summed up by the equation 
6NaOH I nS - 2Na,Sj(».s)+Na,S,0,+3H,0, 
although this by no means expresses all the intermediate 
reactions which no doubt occur Oxidation of the thio- 
sulphate does not proceed further, but if the solution is 
sufficiently concentrated decomposition may occur with 
the formation of sulphite, 

3Na,S,0,+6Na0H 2Na,S+4Na,S0.+3H,0 

As a result of these and similar reactions the recovered 
plumbite contains considerable quantities of vanous sodium 
salts which tend to build up during the recychng of the re- 
covered soda To avoid this, some 10-20% of the recovered 
soda IS replaced each cycle with fresh. Any lead present m 
the withdrawn liquor is recovered as sulphide by using it 
as a preliminary alkab waste or by direct precipitation with 
spent alkah 

With effecuve plumbite recoveiy the lead loss is very 
small, the only chemicals consumed beuig sulphur and 
caustic soda A method for the recovery of sodium salts 
of definite market value from the spoit plumbite has been 
desenbed by Valentine and Maclean [146, 1935]. Tlwse 
authors give the composition of what they consider to be 
a typical spent doctor solution discarded at the end often 
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taining most of the lead, a then filtered to give as dry a 


cycles, allowing for a 5 % liquid loss restored to the ongmal 
volume and 18° B6 by caustic soda, as 

Total volume, 10,500 gal (Am ) lb 

Sodium plumbite (as PbO) 440 

„ hydroxide 5,050 

„ thiosulphate 8,510 

Phenolates* 8,020 

Sodium chloride 130 

„ carbonate 240 

„ sulphite and sulphate 1,600 

• The raw material appears to have been abnormally nch m 
phenols 

The lead is first removed This is done hot by precipita- 
tion with sodium sulphide or hydrogen sulphide, and is 
best carried out before separation of the blackstrap, as 
slightly soluble lead phenolates, which do not respond 
readily to oxidation on air-blowing, are then decomposed 
After removal of the lead sulphide by settling the 
solution must be neutralized This can be done by either 
carbon dioxide, preferably from flue gas, or sulphur 
dioxide obtained either as a by-product in refinery opera- 
tion or from a sulphur burner 
Neutralization with carbon dioxide is preferably carried 
out at 120° F and should proceed until well on the 
bicarbonate side The composition of the solution ob- 
tained IS 


Total volume. 10 500 gal (Am ) lb 

Sodium carbonate— bicarbonate J I 000 

„ thiosulphate 8 510 

Free phenols 8,020 

Sodium chloride 130 

, sulphate and sulphite 1,600 


The free phenolic compounds are separated and, it is 
suggested, may be usefully employed as solvents for 
the refmmg of lubncatmg oil or in the manufacture of 
plastics The solution on evaporaUon to about 2,000-2,500 
gal and cooling to ]10°F deposits about 80% oi the 
sodium carbonate as a cake contaminated with other 
salts This, causticized with lime, furnishes about 6,8(X) lb 
caustic soda On further concentration of the mother 
liquor sodium thiosulphate (about 9,500 lb ) is recovered 
When sulphur dioxide is used, neutralization should be 
earned out at 180° F and proceed until all the alkah 
IS converted into sulphate Rosolic acid is the ideal mdi- 
cator to determme the correct end-point The composi- 
tion of the solution prepared from the above spent 
plumbite IS then 


Total volume, 10,500 gal (Am ) lb 

Sodium sulphite 13,700 

„ thiosulphate 8,510 

., chloride 130 

„ sulphate 1,000 

Phenols 8,020 


The phenols separate and are removed Sulphur is then 
added to convert all the sulphite present to thiosulphate, 
the reacUon beuig carried out at the boiling point Con- 
centration by evaporation gives sodium thiosulphate — 
about 35,(XX) lb It is pomted out that the operations 
mvolved are so mexpensive that it is possible actually to 
show a profit on what was almost waste material 

The Klnsel Recovery Process. 

This process (Kinsel [83, 1925D serves two useful pur- 
poses. Not only does it recover lead from the blackstrap 
but It hdps m the disposal of acid dudge 

After settling, the spent plumbite is heated m a break 
tank as m the air-biowmg process. The bottom layer, con- 


cake as possible, i e about 30% of water This is placed 
in a tank containing the conect amount of dilute aad to 
convert the sulphide mto sulphate, 

PbS+H,S04 - PbS04+H,S 

The acid is obtained by diluting sludge acid to a gravity 
of 1 32-1 38 and settling the tar When the conversion 
IS complete, the sulphate is washed by decantation to a low 
acid content and redissolved in fresh caustic soda solution 

The F.C. Process. 

This process (Fielschmidt and Cantrell [5S, 1930]) in- 
volves the use of chlorine as an oxidizing agent, and is 
therefore more costly to operate than either of those 
previously described It has proved very convement in 
refineries having comparatively small quantities of lead 
to recover 

The spent plumbite is settled and the lead sulphide 
freed as much as possible from caustic soda by water 
washing, after which it is placed in the treating vessel 
This consists of a vertical cylindrical tank fitted with a 
paddle, a gauge glass, and draw-off cocks at different levels 
The sulphide, mixed with water and hydrochlonc acid 
(obtained from a previous run) to act as accelerator, is 
thoroughly agitated, while a stream of chlorme is passed 
in Approximately 0 3 lb chlonne is required for every 
pound of sulphide treated When the reacUon, which may 
take as long as three houn, is complete, the agitation is 
stopped and the products allowed to settle Three layers 
form the top consists of a flocculent suspension of sul- 
phur, the middle is dilute hydrochloric acid with a little 
lead chloride in solution, and the bottom consists of 
a mixture of finely divided solid material, pnncipally 
htharge with some sulphur and traces of lead chloride 
The three layers are separated by means of the draw-off 
cocks and the crude sulphur and litharge washed with 
water to free them from acid The litharge is redissolved 
in caustic soda m the usual way The sulphur present 
offers no disadvantage, generally sufficing for the treatment 
of the next batch of disullate 

The chemical reactions involved are simple and merely 
consist in the oxidauon of the sulphide thus 
H,o+ci,-Ha HHOa 
PbS+HOCl - PbO^ S f HCl 
PbO+2NaOH Na,PbO,+H,0 

Modified Doctor Processes. 

Several modifications of the doctor process have been 
devised, but these do not appear to have been at all 
widely adopted 

The use of either sodium or dialkyl polysulphides 
has been advocated to overcome the nsk mvolved in 
addmg too much sulphur and so producing a corrosive 
product The sodium polysulphide solution is prepared 
by dissolvmg sulphur m a mixture of causuc soda and spent 
soda which has been saturated with hydrogen sulphide, 
for example, by use as a prehminary caustic wash for 
gasoline The reactions mvolved are expressed by the 
followmg equations 

Na,S+iiS = NaA+. 
and 

ij(RS),Pb+Na,S,+, - «R,S,+»PbS+Na,S 
This treatment must obviously be earned out m two 
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stages, the first involving the plumbite and the second 
oxidation with the polysulphide solution 

The use of low-molecular weight alkyl disulphides, for 
example the methyl or propyl denvaUves, has been sug- 
gested for the same purpose by Hunn [69, 1930] On stand- 
ing after treatment, lead sulphide is precipitated and a 
sweet product remams Analysis of the precipitate after 
the addition of methyl disulphide mdicated it to be lead 
methyl mercaptide presumably formed by replacement 
(RS),Pb+(CH0,S, - (CH;S),Pb-l-R,S, 

In place of sodium plumbite solubon, a solid reagent 
consistmg of calcium hydroxide (slaked lime), litharge 
and sulphur can be used (Cannon and Gary [35, 1931]) 
The lime and litharge form the hypothetical calcium 
plumbite which is mcapable of existence in solution Sour 
distillates agitated with this reagent are sweetened and 
only require filtermg for fimshmg The reaction proceeds 
normally with the formation of alkyl disulphide and lead 
sulphide, this reacting with the lime to form calcium 
sulphide and litharge 

2RSH+(PbO CaO) - (RS),Pb+Ca(OH), 

(RS),Pb+S =- R,S,+PbS 
PbS+2Ca(OH), - (PbO Ca0]+CaS4-2H,0 
Fresh sulphur is added to the reagent, when it is again 
ready for use 

Probably a more convement method of operatmg this 
process is given by Cannon [34, 1931] The necessary 
sulphur is dissolved m the sour distillate, which is then 
treated with a solid reagent consisting of a mixture of 
sodium and calcium hydroxides, htharge, diatomaceous 
earth (to increase the effective surface) and enough water 
to make a coherent mass 

More recently a process mvolvmg the use of magnesium 
hydroxide m a modified doctor process in place of sodium 
plumbite has been described by Gardner and Higgins 
[59, 1932] 

The treatment consists in passing the sour distillate, m 
which the requisite amount of sulphur has been dissolved, 
through a tower packed with magnesium hydroxide 
granules, when the foUowmg reaction occurs 
Mb(OH),+RSH c- Mg(SR)0H+H,0 
2 Mb(SR)OH+S > MgS+Mg(OH),-|-R^, 

The coating of the surface of the granules with magnesium 
sulphide eventually slows up the process and regeneration 
becomes necessary This can be effected by steam or 
boihng water, although a dilute solution of sodium 
hydroxide (2%) is preferred 

The use of lead can also be avoided if an alcoholic 
solution of sodium or potassium hydroxide is employed 
Under these conditions, the hydrolysis of the alkali metal 
mercaptides m the alcohol layer is suppressed and oxidaUon 
can then be readily accomplished by means of sulphur 
RSH+NaOH - RSNa+H,0 
2RSNa+S = RA+Na,S 

Air IS neither required nor is it desirable, as the rate of 
oxidation with air compared with that with sulphur is so 
slow that there is loss of gasohne by evaporaUon (Stagner 
[136, 1935]) The process can also be employed to sweeten 
bi^-boihng distillates such as kerosme. A descnption is 
given by Stagner of the treatment of a gasoline contaiiung 
0-023 % mercaptan sulphur with methyl alcohohe— sodium 
hydroxide (0 31 % by volume containmg 15% NaOH) and 
elemental sulphur (0*029 g per htre gasohne treated). 


After agitation for 30 min followed by 10 mm settling, 
the gasohne was sweet and non-corrosive The morganic 
products of the reaction were found m the lower alcohohe 
layer, which on withdrawal followed by exposure to air 
was found to contain unchanged caustic soda, sodium 
sulphide, together with traces of the polysulphide and the 
thiosulphate Stagner states that, of the sodium hydroxide 
originally used, 25% is recovered as thiosulphate and 50% 
as sulphide Both of these substances have a defimte 
market value Owmg to the solubility of anhydrous methyl 
alcohol m gasohne— about 3-10%, the solubihty bemg 
greater m the lower hydrocarbons— it is necessary to 
recover the alcohol from the sweetened distillate by water 
washmg Recovery of the alcohol is effected by distillation 
of the water Methyl alcohol is preferable to ordinaiy 
alcohol because it does not form a constant-boiling mixture 
with water and can therefore be recovered in a substantially 
anhydrous condition, ready for use again By using the 
same water for washing, complete recovery is not necessary 
m each passage through the still, the overall loss of alcohol 
IS stated to be negligible, i e 0 1-0 2% 

V. THE HYPOCHLORITE PROCESS [11. 1929] 
This process differs m many respects from the sweetemng 
processes so far described The latter involved reactions 
almost entirely confined to the oxidation of the mercaptans 
mto oil-soluble disulphides which pass back into the 
hydrocarbon layer and leave the total sulphur content 
unchanged Sulphur compounds other than mercap- 
tans and hydrogen sulphide remam unaffected chemically 
although physically they are adsorbed to a slight extent 
upon the solids formed or originally present Aqueous 
hypochlorite solutions posscssmg much more powerful 
oxidizmg properties not only carry the oxidation of the 
mercaptans beyond the (hsulphide stage but attack 
the sulphides and disulphides as well As the products 
from these oxidations are mostly water-soluble, desul- 
phuruaUon occurs to a greater or lesser extent depending 
upon the conditions and the nature of the sulphur com- 
pounds present m the distillate under treatment 
Early attempts to use hypochlonte solutions m the 
refinmg of hght distillates faded owmg to the mstability 
of the reagent used Not only did this tend to decompose 
spontaneously before and during use but the products 
acquired a peculiar sharp odour due to the presence of 
chlonne compounds, rapidly went off colour, and proved 
highly corrosive m use The successful application of the 
process was due to Dunstan and Thole, upon whose novel 
idea of using alkaline solutions to prevent chlorination 
the present process is based 

The hypochlonte process is used pnncipally for the 
sweetemng or desulphunzation of straight or cracked 
distillates Owmg to the convenience with whiph it can 
be operated m a closed system, it has proved particularly 
suitable for treatmg natural gasoline and m the States it is 
most generally employed for this purpose A particular 
advanuge of the process is that the spent wash is entirely 
valueless and contains no objecbonable products, no 
recovery » therefore necessary and the dB9uent can be 
disposed of without difficulty 
The process consists essentuilly m agitatmg the sour 
distillate, which has previously been alkah washed to 
remove any hydrogen sulphide, with an aqueous solution 
of sodium or calcuim hypochlonte undo: controlled condi- 
tions. Traces of hypodhbrous acid together with any 
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objectionable organic compounds formed in the reaction 
are removed by a final thorough alkah wash It is essential 
that the hypochlorite solution employed should contain 
sufficient free alkali to stabilize it, that is to say, to suppress 
spontaneous decomposition while at the same tune re- 
ducmg any tendency towards chlorination of the distillate 
to a muiimum If desulphurization is desired, the amount 
of free alkali is rather critical, too much retarding the 
oxidizmg action of the hypochlorite very considerably 
The reason for this will follow later 

Unlike the plumbite process which, as the addition of 
free sulphur forms an mtegral part of the procedure, can 
handle distillates containuig free sulphur, hypochlorite 
treatment can only be successfully employed when free 
sulphur or hydrogen sulphide is absent Once formed, 
elemental sulphur can only be removed by distillation 
The necessity for avoiding the presence of either of these 
substances — hydrogen sulphide is readily oxidized by 
hypochlorites to sulphur — therefore becomes of paramount 
importance, and care must be taken to ensure that hydro- 
gen sulphide IS removed at as early a stage as possible by 
efficient alkah washuig The most convenient point for this 
treatment is in the condensmg system before aerial oxida- 
tion can possibly take place Actually this wash serves a 
dual purpose, for besides removing hydrogen sulphide it 
removes some of the lighter mercaptans and so materially 
reduces hypochlorite consumption It is because of the 
defiiute advantages offered by thorough alkali washmg 
before the hypochlorite wash is applied, that the hypo- 
chlonte process lends itself so well to counter-current 
operation, the spent hypochlorite still contains a small 
amount of free alkali and this can effectively be used m 
countercurrent operation to reduce the mercaptan content 
ofthe raw material 

As mentioned above, the hypochlorite process is most 
admirably suited to the treatment of natural gasoline The 
solution IS usually placed in a series of vertical cylindrical 
vessels preferably packed with coke or some similar pack- 
ing and the natural gasolme (previously alkali washed if 
hydrogen sulphide is present or the mercaptan content high) 
passed through them By by-passmg each treater when it 
becomes spent and, after lechugmg it with fresh solution, 
making it the final stage, the operation can be carried 
out more or less countercurrcntly No complications are 
necessary as m plumbite treatment, for there is no sulphur 
to mtroduce and no sludge to withdraw The spent wash 
IS run to waste 

Treatment of the gasoline fractions can be conveniently 
earned out in ordinary treaters, although the Holley-Mott 
type of plant is the most suitable on account of the advan- 
tages offered by the mulUphcity of stages 

Preparation of Hypochlorite Solutions. 

Both sodium and calaum hypochlorite solutions are 
easily prepared The sodium salt used m the onguial pro- 
cess was prepared by the electrolysis of bnne, the current 
density and other conditions bemg adjusted to give the 
equivalent amounts of chlorme and caustic soda required 
for the reacUon 

a,+2NaOH - NaOa+Naa+H,0 

By careful control of the temperature and the final 
alkaimity, chlorate formation was avoided and stable 
hypochlonte solutions between 0 2 and 0 3 N , with regard 
to available chlorine content and containmg 0 3 to 1 g. 
caustic soda per litre, obtamed The presence of the sodium 


chlonde cannot be avoided, but it is not m any way detri- 
mental Later, when liquid chlorine became available at a 
sufficiently low price, it proved more convenient to pre- 
pare sodium hypochlorite hy passing either the gaseous 
or liquid chlorine mto well-cooled and agitated causUc 
soda solution (10%), dilutmg the concentrated soluUon so 
obtained before use 

A convenient source of calcium hypochlorite is bleaching 
powder which is prepared by passmg chlorme over slaked 
hme, the moisture content together with the temperature 
of absorption determining the chlorine absorbed There 
IS some doubt concernmg the exact form m which the 
chlorine is combined, the analysis of a typical good sample 
containmg 45% of available chlorme givmg the followmg 
resulte (Lunge [96. 1911]) 


I Proximate 

Ultimate analviif \ Cal analysis 

Lime CaO t8 89 ' 2Cd0Cl,H,0 82 65 

Avdildble chlorine 43 13 I CaCO, 095 

Chlorme as chloride 0 29 CaCl, 0 44 

Water 17 00 Cd(OH), 6 80 

Carbon dioxide 0 42 I H.O 9 16 


It IS generally assumed that calcium chlorohypodilonte 
IS the active compound present 
A solution of bleaching-powder in water reacts strongly 
alkaline and contams, besides calcium hypochlorite, the 
chloride, oxychlonde, and hydroxide, the relative pro- 
portions (with the exception of the hydroxide, which is 
limited by its solubihty) dependmg upon the freshness of 
the material According to Lunge the analysis of a solution 
prepared from a good fresh sample of bleaching-powder 
IS as follows 

I g per litre 


Calcium hypochlorite 129 09 

„ chloride 10 54 

„ chlorate 0 38 

„ hydroxide 4 21 


Solutions, however, prepared from bleachmg-powder 
which have been kept for some tune have a higher propor- 
tion of chloride and chlorate 
Bleachmg-powder as a source of calcium hypochlonte 
has several disadvantages It does not keep well on storage, 
particularly in warm climates, decomposition taking place 
slowly with the evoluUon of oxygen 

2Ca(OCl)Cl = 2CaCl, I O, 

(For this reason it must not be stored m sealed metal 
contamers as these are liable to burst) As a result the 
available chlorme content, le the amount of cdilorme 
equivalent to the active oxygen present, which usually 
vanes between 37 and 39%, falls rapidly and the matcnal 
becomes useless Even when fresh, solution m water is 
far from complete and a considerable msoluble residue 
remains, consistmg of lime together with some calcium 
carbonate To avoid loss of active material it is therefore 
essential to wash this residue once or twice thoroughly, 
the washings being employed either to dilute the more 
concentrated extract or in making the next batch As will 
be shown later, calcium hypochlonte solutions should only 
be diluted with saturated lime-water which is convemently 
provided by the washings Even thorough washing still 
leaves a sniall amount of unknown active compound m 
the residue These drawbacks, together with its relatively 
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hi^ cost, preclude the general use of bleachipg-powder 
exer ting m leSaaies in which the consamptioa is small 
or where other sources of calcium hypochlorite are not 
available To some extent these disadvantages have been 
overcome in the last 10 years in the specially high active 
chlonne content bleaches which have become available 
F«wnfially these Consist of solid calcium hypochlorites 
prepared by the action of sodium hydroxide on concen- 
trated calcium hypochlorite solutions In this way the 
calaum chloride present is precipitated as lime while the 
low solubility of sodium chloride compared with that of 
the calcium salt causes a considerable amount of salt to 
precipitate also Concentration of the resulting solution 
enables a solid to be obtained consisting mainly of calcium 
hypochlorite contammated with sodium chloride which 
is pracUcally completely soluble in water and contains 
between 60 and 70% of available chlonne Much greater 
stability on storage is claimed for these preparaUons, a 
claim certainly quite justified for the Mathicson Alkali 
Works Inc product ‘HTH ’ Even after 6 years in the 
laboratory, it was found that the available chlonne content 
of a sample had only dropped from 66 to 45-50% On 
account of their comparative high cost they arc little 
used m the petroleum industry, but in the laboratory 
they form an extremely convenient source of calcium or 
sodium hypochlorite (the latter being formed by double 
decomposition with sodium carbonate) 

On the large scale, calcium hypochlorite is most con- 
veniently prepared by passing chlonne in the liquid or 
gaseous state into a well agitated cooled sluny of lime 
preferably prepared by slaking quick-lime The calaum 
hydroxide rapidly passes into solution, the end of the 
reaction usually being detected by the development of 
a puik colour which has been attributed to manganese — 
as permanganate — or calcium ferrate While it is desirable 
to keep the temperature as low as possible during the 
absorption, temperatures as high as 140° F have been ob- 
served without undue decomposition taking place When, 
however, the reaction does get out of control, the tempera- 
ture rises rapidly, considerable quantities of chlonne and 
oxygen are h berated, and the hypochlorite is convened 
into a mixture of chloride and chlorate 

Ca(OH), i 20. -= Ca(OCl).+CdCl, 

3Ca(Oaj, - CatOOJ, ^ 2Caa, 

In practice the lime slurry is prepared equivalent to 
gravity of 1 I diluted to 1 05 and chlonnated to 1 1 again 
The concentrated solution so prepared has an available 
chlorine content equivalent to approximately 2 N and 
is diluted to 0 34 N with the leachmgs obtained by wash- 
uig the insoluble residue, consistuig chiefly of hme and 
calcium carbonate, the latter separates out on settling 
Further dilution to 0-07 N — the working concentration 
usually employed— IS done at the plant, saturated lime- 
water, le approximately 004 N, being used for the 
purpose to ensure that the solution is stable In continu- 
ous operation it is convement to meter the hme-water 
and 0 34 N hypochlorite soluUon separately mto a small 
mixing tank attached to the plant 
Treatment is carried out by the agitation of the sour 
alkab-washed distillate with a comparatively large volume 
of the dilute hypochlorite solution It is usual to determine 
by prehminaiy tests in the laboratory the exact amount 
of available chlorme necessary to effect sweetening or 
desulphurization and adjust the treatment accordmgly 
The sweetening action is very rapid, efficiency of contact 


alone detemunipg the time regwred, desulpbunzatian is 
slower and may need a much longer tune, defending ujmn 
the sulphur compounds present, the alkali content of the 
hypochlorite wash, and the temperature The operation 
should be carefully controlled by analysis, the available 
chlorine being estimated by means of potassium iodide 
solution and aceUc aad, and the free alkali by utrahon 
with standard acid using phenolphthalein as indicator 
after destroying the hypochlorite by boding with ammonia 
When the operaUon is carried out effectively, the spent wash 
contains no hypochlorite but is still sufiiaently alkaline to 
be usefully employed as a preliimnary alkah wash Care 
should, however, be taken to avoid the use of the spent 
solution for this purpose on distillates likely to contain 
hydrogen sulphide unless entirely free from traces of hypo- 
chlonte Hypochlorite solutions are definitely mildly cor- 
rosive to steel equipment and it is necessary to take steps 
to overcome this as much as possible Cement or cast 
iron which is not corroded (excepUng near the pomt of 
mtroduction of the chlorine) can be conveniently used 
for the vessels for preparmg the solution, the former being 
preferable because cooling can be more effecOvely carried 
out Cement is used for settling or storage vats Treaters 
are best covered internally by spraying with a thin layer 
of cement which must be renewed after any cleaning 
operation Calaum carbonate is normally deposited from 
c^cium hypochlonte solution and serves to protect the 
equipment, but even so it is better to ensure protection 
by a cement layer 

The Action of Hypochlorite Solutions upon Sulphur 
Compounds 

The effect of sodium hypochlorite solution upon various 
sulphur compounds dissolved in a sulphur-free naphtha 
of Iranian origin was investigated by Birch and Noms 
[14, 1925] Their results are summarized in the following 
table 

These sulphur compounds represent typical substances 
which might be expected m the lighter distillates and many 
of them have actually been isolated from Iranian straight 
distillates (cf Birch and Norris [13, 1925], Thierry [140, 
1925]) The others arc, or could be, formed as a result of 
the action of the hypochlorite, viz isoamyl sulphoxide, 
ethyl sulphonc, and sulphur 
The conclusions reached as a result of these experiments 
are as follows 

(1) Whereas hydrogen sulphide, mercaptans, and di- 
sulphides all react to give at least some aad products, no 
acid products are formed from sulphides (or, of course, 
sulphones) 

(2) Thiophen, sulphones, and sulphur do not react under 
the conditions employed 

(3) Increase in molecular weight of the sulphur com- 
pound (a) decreases the rate of oxidabon— di-imamyl di- 
sulphide hardly reacts at all— and (A) decreases *the solu- 
bihty of the oxidation products in the aqueous layer, at 
the same tune increasmg then solubibty m the oil 

(4) Increase in the free alkah content of the hypo- 
chlorite decreases the rate of reaction (excepting the oxida- 
tion of hydrogen sulphide and the first stage m the oxidation 
of mercaptans) and conversely. 

(5) Dilution of the hypocUonte increases the rate of 
reaction 

The first of these conclusions is of the greatest impor- 
tance because the aad products neutralize the free alkah 
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of the reagent as they are formed, and thus progressively 
render the hypochlorite more reactive Consequently, if 
insufficient alkali is originally present to neutralize the 
acid products, the aqueous layer may actually become acid, 
when there will be a tendency for ‘chlonnation ’ to occur 
As It was confirmed that the addition of free alkali 
stabilizes the hypochlorite, the explanation of the narrow 
limits for alkali content necessary in large-scale operation 
becomes clear The retarding influence of free alkali, and 
the accelerating effect of dilution, are convincingly ex- 
plained on the assumption that the active oxidizing agent 
IS not the hypochlorite itself but free hypochlorous acid 
produced by reversible hydrolysis 
H.O 

MOCl H,0~ ^ MOH i^HOCI 
MOH 


2HOa = 2HC1+0, 

HocH Ha ^ H,o i^a, 

2Hoa - H,o+a,o 

3HOCI HaO,+2Ha 

The decomposition is accelerated by light, heat, and certam 
mineral salts, in particular those of nickel and cobalt To 
avoid loss of reagent through spontaneous decomposition 
It IS therefore of utmost importance to ensure that the 
reagent is always alkaline and never actually acid 
In the treatment of cracked distillates the presence of 
ample free alkali to reduce hydrolysis or the possible 
formation of chlorine or chlorine monoxide is of even 
greater importance as all tend to form addition compounds 
with olefines with the greatest of ease 


The Action oj Sodium Hypochlorite Solution upon variout Sulphur Compounds (Birch and Norris [14, 1925]) 


Sulphur lompuunds 

Sulphur 

Hydrogen sulphide 
Ethyl mercaptan 

»oPropyI mercaptan 
iroButyl mercaptan 

Ethyl sulphide 
n-Propyl sulphide 
MoButyl sulphide 
iioAmyl sulphide 
Pentamethylene sulphide 
Diethyl disulphide 

iroAmyl sulphoxidc 
Ethyl sulphone 
Thiophen 


Oil soluble 


' No action 
' (Sulphur) 

I Fthyl disulphide 

uoPropyl disulphide 
' iioButyl disulphide 


I (n-Propyl sulphone) 
' ooButyl sulphone 
I iwAmyl sulphone 
Sulphone 

MoAmyl sulphone 
No action 
I No action 


ReatUon products 


1 Water soluble 

' No action 
I Sulphuric acid 
Sulphuric acid (trace) 

' Ethane sulphonic acid 
' Sulphuric acid (trace) 

, uoPropane sulphonic acid 
Sulphuric acid (trace) 
noButane sulphonic acid 
Ethyl sulphone 
I n-Propyl sulphone 
' iroButyl sulphone 
I (iroAmyl sulphone) 

I Sulphone 

' Ethane sulphonic acid 
Sulphuric acid 
I (uoAmyl sulphone) 

I No action 
I No action 


The substances in braekets are fairly soluble m the stages under which they appear 


I Insoluble 
I Sulphur 


1 


On this assumption, added free alkali will displace the 
equilibrium to the left, dilution will move it to the nght, 
and, in accordance with observed facts, the solution will 
be stabilized or activated respectively Other proposals 
for increasing the reactivity of hypochlorite solution, such 
as the addition of heavy metal salts and the use of flue 
gases or sodium bicarbonate, all act in the same direction, 
that IS to say, reduce the free alkali content 

Kauffmann [79, 1924] showed that the velocity of decom- 
position of aqueous sodium hypochlorite is inversely 
proportional to the concentration of hydroxyl ions and 
that the fraction of the total hypochlorite ions destroyed 
in unit time is independent of the actual hypochlorite 
concentration Thus, so long as the concentration of free 
alkali remains the same, i e the hydroxyl ion concentration 
remains unaltered, the stability of a hypochlorite solution 
is independent of concentrauon This is important when 
dealing with calcium hypochlonte solutions, for the 
amount of free alkali present is then limited by the solu- 
bility of calcium hydroxide m water In order to avoid 
instability, therefore, saturated hme-water is always used 
as diluent and the hydroxyl ion concentrauon mainUiined 
the same. 

Hypochlorous aad itself is very unstable and decom- 
poses to give a variety of substances includmg water, 
oxygen, hydrogen chlonde, chloric aad, chlorine, and 
chlonne monoxide, the odour of which m hypochlonte 
stdutions, particularly if nearly neutral, is very nouceable 
m 


a, ) R CH CHR' - RCHCl- CHR'Cl 
HOCl ( R CH-CHR' - RCH(OM)— R'CHCl 
CljO t 2RCH--CHR - (RCHCl— CHR'),0 

Sulphides. 

In considering the oxidauon of mdividual types of 
sulphur compounds by hypochlorites, it is convenient to 
commence with the acUon of sodium hypochlonte on 
sulphides or thio-ethers These (provided the hypochlonte 
IS sufficiently active when a higher member of the senes 
is bemg treated) are quanUtaUvely oxidized to sulphones. 
No traces of any intermediate compounds appear to be 
formed and hypochlonte is without further acUon on the 
resultmg sulphones Four atoms of available chlorme are 
absorbed for each sulphur atom oxidized 
R.S I ZNaOa - R,SO,+2NaCI 

As no acid products are formed, the alkalimty of the 
hypcxdilorite does not change appreciably during the action 
The lower sulphones being more soluble in water than 
m light petroleum hydrocarbons are found chiefly m the 
spent aqueous reagent from whidi they can be extracted 
by suitable means With increase m molecular weight the 
sulphones tend to become less soluble m water and more 
so m oil so that they remam m the hydrocarbon layer. 
Thus, although diethyl sulphone is pracucally insoluble in 
petroleum and readily soluble m water, the reverse is true 
of di-uoamyl sulphone. The sulphur content of gasolmes 
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contammg high-boilmg sulphides may therefore remain 
unaltered, although as sulphones of mtermediate molecular 
weight, e g dipropyl and di-/sobutyl sulphones, are soluble 
both m od and water, partition occurs when some de- 
sulphurization can be effected by thorough water washing 
As sulphones are very high-boiling they are left as residues 
on distillation of the gasoline containing them 

The rate of oxidation of sulphides, particularly the lower 
members, is only slightly affected by the alkalinity of the 
hypochlorite The effect is so small that large quantities 
office alkali are required to prevent the oxidation occurring 
within a comparatively few minutes 

Sulphoxides R,SO, which are mtermediate between 
sulphides and sulphones, behave very similarly to sulphides 
exceptmg that only two atoms of available chlonne per 
atom of sulphur are absorbed No product other than the 
correspondmg sulphone appears to be formed 

Disulphides. 

The primary oxidation products from a disulphide, un- 
like those from a sulphide, are acidic, i e the sulphonic 
aad together with a smaller quantity of sulphuric acid, 
these appear in the aqueous layer as their sodium salts 
The formation of the sulphuric acid is surprising, since 
sulphomc acids are not further attacked, and consequently 
It must be formed directly from the disulphide The gradual 
neutralization of the free alkah by the acidic products 
makes it necessary, in describing the effect of alkahnity on 
the reaction, to distmguish between two somewhat different 
cases (1) The free alkali present is more than equivalent 
to the total possible acid products, the reagent will then 
always remam alkalme (2) The free alkali is less than 
equivalent to the total possible acid products , if the reaction 
IS continued long enough the reagent will become acid 
The reacUon under the first condition may be described 
as normal and corresponds with refinery practice Plotting 
atoms of available chlorme absorbed per atom of sulphur 
originally present as disulphide against time, curves are 
obtained of which (i) for a strongly alkaline and (u) for 
a weakly alkahne solution, are typical The influence of 
the excess of alkali is very marked If, however, the al- 
kalimty of the reagent is so chosen that it falls into the 
second category, the additional comphcations cause the 
absorption-time curve to assume quite a different form (iii) 
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The mitial part of the reaction takes the normal course 
untd the acids formed have completely neutralized the 
free aiimh present: at that point (*) there occurs a very 


rapid absorption of available chlorine which contuiues 
until the sulphur compound is entirely removed from the 
petroleum solution, the reaction then tails off and, finally, 
a slow spontaneous decomposition of the residual dilute 
hypochlorite tends to take place A considerable evolution 
of heat occurs at and immediately after the pomt in the 
reaction marked (*), the oxidation at this stage is so rapid 
that It IS impossible to isolate any intermediate compounds 
(vide infra) Although the reaction is considerably slowed 
up by the addition of even a little alkali, it is interesting to 
note that even 20% of sodium hydroxide does not com- 
pletely inhibit the oxidation 

As shown by the figure the chlonne consumption is 
almost exactly six atoms for each atom of sulphur com- 
pletely oxidized This is more than the amount required 
theoretically for the formation of the sulphonic acid 
R,S. 1 H.O 50 - 2RSO,H 

Mercaptans 

The apparent course of the reaction between sodium 
hypochlorite and a mercaptan depends greatly upon the 
alkalinity of the solution The first action leads simul- 
taneously to the formation of the correspondmg disulphide 
and sulphonic acid together with some sulphuric acid, the 
first named, if the reagent is sufficiently reactive, is destroyed 
as It IS formed, and the acids, as their sodium salts, are the 
sole products But with a more stable solution of hypo- 
chlonte a much slower oxidation of the disulphide occurs 
and this substance then appears as the chief product, 
accompanied by smaller quantities of the acids, which have 
been formed, for the most part, by direct oxidation of the 
mercaptan The first stage of the reaction, m which the 
mercaptan takes part, does not appear to be much affected 
by the alkalmity of the reagent and is very rapid, the 
factors which influence the destruction of the resulting 
disulphide are those which govern the normal interaction 
of this type of compound with sodium hypochlorite The 
oxidation may be represented diagrammatically thus 

RSH ^ R,S 

^RSO,H 

Thiophen, Hydrogen Sulphide, Carbon Disulphide, 
and Sulphur 

Sulphur and traces of sulphuric acid are produced by 
the acUon of hypochlorites upon hydrogen sulphide Part of 
the sulphur brcomes dissolved m the oil, which emphasizes 
the necessity for a prehmmary alkali-wash on any distillate 
likely to contaui hydrogen sulphide that is to be hypo- 
chlonte treated Smcc sulphur is not attacked by hypo- 
chlonte the sulphunc acid must be formed directly from 
the hydrogen sulphide 

Carbon disulphide does not appear to be a. normal 
constituent of light disUUates although it may be present 
m benzole or pyrolysis products. It is completely oxidized 
by sodium hypochlorite and is to be found in the products 
of the reaction m the form of carbonate and sulphate 
(Wo^, Lowy, and Faragher [156, 1924]) The eflTect of 
alkalinity upon the action is not known 

While hypochlorites in alkahne soluuon appear to be 
without action upon thiophens, Ardagh and Bowman 
[1, 1935] have found that in acid solution reaction occurs 
Acid hypochlorites ate unlikely to find much application 
m the petroleum mdustiy but the authors pomt out their 
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possible value m removing thiophen from benzene The 
mechanism of the action has not yet been explained, 
15-17% of the sulphur appears to be converted into 
sulphuric acid, the test remaining combined as a high- 
boihng thiophen derivative which still gives the usual 
isatin reaction To free benzene completely from thiophen 
It IS therefore only necessary to treat with an aqueous 
solution of calcium hypochlonte to which acetic or bone 
acid has been added, wash with caustic soda, and distil 
The disullate is thiophen-free For successful removal, 
the acidity of the hypochlonte solution must coincide with 
pH 3 9-4, the onginal solution prepared from Mathicson’s 
‘H T H ’ had pH 11 8-12 and was ineffective 

Desulphurization with Hypochlontes 

The possibility of controlling the oxidizing action by 
the addition of alkah is of considerable importance and 
forms the basis for the present method of operatmg the 
process (cf Birch, Norris, and Thole [17, 1926]) Thus by 
varymg the alkalinity of the hypochlonte solution over a 
comparatively narrow range, it is possible to limit the 
reaction very largely to one of sweetenmg or to effect, 
with certain distillates, almost complete desulphurization 
Naturally the extent to which desulphurization is pos- 
sible IS dependent upon the actual sulphur compounds 
present and the relative proportions in which they occur, 
the type of compounds predominating depending upon 
the crude oil from which the distillate originates Thus 
distillates from paraffin-base crude oils contain less 
thiophens than those of naphthenic origin and as a 
result arc more likely to yield to desulphurization with 
hypochlonte Natural gasolines are generally easy to 
desulphurize because only low-molecular weight sulphur 
compounds are present, while distillates in which the sul- 
phur compounds arc concentrated in the heavier fractions 
will probably remam unchanged m sulphur content The 
fact that high-boiling mercaptans and sulphides become 
converted into disulphides and sulphones respectively, both 
of which boil well outside the range of the original distillate, 
must not be overlooked as these may interfere considerably 
with an evaporation test 

Obviously a very much higher chlorine consumption is 
required for desulphurization To convert a mercaptan 
into a disulphide should theoretically requu-e one chlorine 
atom per atom of sulphur, while two and a half are required 
to convert it into a sulphonic acid Actually the chlorine 
consumption is in both instances higher owing to the 
simultaneous oxidation to sulphuric acid Efficient pre- 
liminary alkah washing by reducing the mercaptan content 
results in a considerable saving in chlorine particularly 
when desulphurization is desired When it is intended to 
hmit the action as far as possible to sweetenmg, the amount 
of alkaline hypochlonte applied should be reduced to 
the barest minimum 

The octane ratmg of gasohnes or the lead susceptibility 
are entirely unaffected by hypochlonte treatment 

Acidity. 

It has been stated above that no intermediate products 
have been isolated from the oxidation of mercaptans 
(other than disulphides) or disulphides by hypochlontes 
This is, however, not enUiely correct, for, although the 
mtermediate compounds have not been isolated, they can 
be idoitified m the distillates after treatment, and it is 
necessary to take steps to remove them if a satisfactory 
product is to be obtained 
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Light straight distillates which have been hypochlonte 
treated acquire a rather sharp unpleasant odour, go off 
colour m light, and are corrosive The more reactive the 
hypochlonte solution employed, the more marked is the 
odour and the corrosive nature of the product Attempts to 
remove the cause of the trouble— at first thought to be free 
hypochlorous acid — by an ordinary alkali wash failed, little 
or no improvement being effected Investigation showed 
that, even after the alkali wash, the product contained 
chlonne, although only m very small amount 

Experiments with various sulphur compounds in sulphur- 
free naphtha showed that only mercaptans, disulphides, 
and, to a very much smaller extent, hydrogen sulphide, 
gave similar results Furthermore, although the substances 
responsible for the objectionable properties were formed 
to a greater extent from neutral or faintly acid hypochlonte 
solutions, even with considerable quantities of alkali 
present, traces were still formed Continued investigation 
showed that mercaptans produced the highest quantity — 
which even under the most favourable conditions for 
formation, a large excess of faintly acid hypochlonte, was 
very small— and that the greater the molecular weight of 
the mercaptans, the more stable the corrosive bodies 
became 

On distillation it was found that the compound or com- 
pounds tended to remain in the residue but that the 
quantities present were too small for isolation While very 
prolonged and thorough agitation with caustic soda 
solution or lime-water eventually destroyed them, as indica- 
ted by the disappearance of the sharp odour and corrosive 
action, in the presence of alcohol very dilute caustic 
alkah was extremely effective Other means for removmg 
them consisted in filtration through absorptive materials, 
eg bauxite, or steam distillation As a result of the 
latter, hydrogen chloride was formed and could be 
detected in the aqueous distillates Left in contact with 
an organic base such as aniline, the hydrochloride separated 
after a few hours as a white crystalline solid 

These and other considerations indicated that sulphonyl 
chlorides RSOgCl or sunilar compounds were responsible, 
and experiments carried out with ethane sulphonyl chloride 
in naphtha solution gave almost idenucal results While 
aryl sulphonyl chlorides are comparaUvely stable, the 
alkyl compounds, such as ethane sulphonyl chloride, fume 
in moist air and are readily decomposed by water Yet m 
dilute solution, m a solvent in which water is for most 
practical purposes insoluble, hydrolysis is extremely slow 
The addition of a mutual solvent such as alcohol at once 
brings about rapid hydrolysis particularly if alkali is 
present, and it is upon this that the method for determimng 
the relative amounts of these bodies m a hypochlorited 
distillate IS based A definite volume of the gasohne under 
test (100 c c ) IS shaken with N/20 sodium hydroxide (20 c c ) 
and alcohol (20 c c ) for 3 nun The results are usually 
expressed m terms of N/10 NaOH per 100c c gasoline The 
amount consumed when the excess is determined by 
utration with standard acid is the so-called acidity The 
reaction involved is 

RSO,a t^ZNaOH - RSO,Na4 NaCl+H.© 

The small amount of acid chlorides formed can best be 
gauged from the fact that figures of 8-10 c c N/10 caustic 
soda per 100 c c of gasoline are exceptional, 1-3 c c bemg 
more general Reckoned as ethane sulphonyl chlonde 
1 c c N/10 caustic soda per 100 c c gasohne corresponds 
with 0 064 g chlonde per litre It follows from the equation 
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given above that the hydrolysis products should consist of 
equimolecular proportions of sodium chloride and sul- 
phonate While both of these substances have been 
identified m the aqueous layer, the proportions are never 
exactly equimolecular and the chloride is always in excess 
of that theoretically required The actual ratio appears 
to depend upon the conditionsof formation for it is possible 
by treating isoamyl mercaptan in dilute carbon tetra- 
chloride solution with chlorine m the same solvent to 
produce ‘acidity’ in which the chlonnc/sulphur ratio 
almost corresponds with RSCIg Ratios covering the range 
from RSClc to RSO,Cl can be obtained by using excess 
of highly reactive hypochlonte solution, and it appears 
probable that at least a part of the mercaptans is converted 
into the sulphonic acids through such compounds Natur- 
ally the higher chlorides are much more readily hydrolysed 
than those contaming less chlorine and are normally 
hydrolysed shortly after formation Similar bodies are 
formed from disulphides 

The compound formed under similar conditions in 
veiy small amounts from hydrogen sulphide closely 
resembles the sulphonyl chlorides obtained from the 
mercaptans and disulphides, although much more easily 
hydrolysed Identification was not possible but from its 
behaviour it appeared to be sulphury! chloride, SOiQi, 
which may account for the small amount of sulphunc aad 
formed in the reaction 

Final Alkali Wash. 

The presence of sulphonyl chlorides or bodies having 
similar properties in gasoline or special naphtha cuts such 
as pamter’s naphtha is obviously undesirable Not only 
do they impart a sharp odour but they hydrolyse slowly 
on storage or more rapidly in light to form hydrogen 
cMonde The latter is not only corrosive but causes colour 
instabihty and catalyses gum-formation when blended with 
cracked distillates 


mount importance in obtaining a satisfactory product and 
most of the failures to get successful results from the 
hypochlonte process can be traced to incomplete aadity 
removal While undoubtedly a small treatment with alco- 
holic caustic soda solution would be the most rapid and 
dfective method, the use of alcohol in the treatment of 
gasolme and special na|rittha cuts is undesirable Loss of 


alcohol in the hydrocarbon layer increases the cost con- 
siderably Treatment with adsorptive earths, which too 
IS very effective, is to be avoid^ owing to the incon- 
venience that the handling of solid reagents in the refinery 
entails Investigation, however, has shown that with really 
adequate contacting, such as that possible in a Holley-Mott 
treater, caustic soda or lime can be successfully employed 
In the process as operated by the Anglo-Iranian Oil 
Co , Ltd [11, 1929] strong caustic soda solutions were at 
first employed but so much trouble was experienced with 
emulsification, particularly when calcium hypochlonte was 
used for the first stage of the treatment, that it was aban- 
doned in favour of dilute soda and, later, lime-water, when 
the extremely efficient mixing that the Holley-Mott type 
of plant offers became available The relationship between 
acidity removal and time of contact is shown in fagure 2 
which was obtained from a Holley-Mott plant operating 
on hypochlorite-treated straight Iranian gasoline 
It IS usual to work to a final acidity equivalent to 0 2 c c 
N/10 soda per 100 c c of gasoline, this figure having been 
found in practice to give a satisfactory saleable product 
Acidity removal can, of course, be successfully earned out 
in other types of treating equipment but, as the contacting 
IS mvariably less efficient, longer treatment times are 
necessary 

It IS obvious from the small amount of material to be 
neutralized that the alkali consumption is almost negligible 
and the same wash can be satisfactonly used for a con- 
siderable period of time Some refiners still prefer to use 
a strong caustic wash (20%), and, when approximately 
half the soda has been used, transfer it for use in some 
other part of the refinery In this way the tendency to 
emulsify, which is considerably increased by the presence 
of the sulphonates, is to some extent overcome 
The acid chlorides formed from the mercaptans present 
in natural gasoline are much more easily hydrolysed and 
consequently the final alkali wash can frequently be omitted 

Hypochlonte Treatment of Cracked 
Distillates. 

The hypochlonte treatment of 
cracked distillates has not met with 
general favour, although it has 
yielded excellent results with both 
liquid- and vapour-phase cracked 
products of Iranian origin Much 
of the trouble expenenced in hypo- 
chlorite treating cracked distillates 
can be traced to incomplete acidity 
removal which results in colour and 
gum instability on storage Blending 
cracked distillates sweetened by other 
methods with straight-run matenal, 
which after hypochlorite treatment 
has been incompletely alkali washed, 
may give the same trouble 
Hypochlonte should never be 
apphed to cracked distillates unless 
they have received a prelinunary polymerization treatment 
with aad, clay, or metallic chlonde, eg aluminium or 
zinc chlonde followed, after neutralization, by redistillauon 
Hypochlontes do not possess polymenzmg properties and 
It IS essential that the reactive hydrocarbon should be re- 
moved first Provided this is done, alkaline hypochlonte 
should give resulu comparable with those given by irium- 
bite The process is only applicable to sweeten^, the 



The removal of these subsUnces is therefore of para- 
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conditions favourable for desulphurization, i e low free 
alkali content, being equally favourable to the so-called 
‘chlorination’ which is actually chlorohydrm formation 
The fact that hypochlorous acid is capable of addition 
to unsaturated compounds is well known The products, 
chlorohydnns, readily lose hydrogen chloride and form 
oxides, thus 


II FHOCl H 


^1^04 HCl 


The undesirability of having readily decomposable com- 
pounds of this type has already been emphasized As both 
olefines and diolefines form chlorohydnns when brought 
into contact with dilute solutions of hypochlorous acid. 
It IS obvious that the use of solutions of low alkali content 
will favour their formation Alkaline hypochlorite treat- 
ment, on the other hand, not only tends to prevent chloro- 
hydrin formation but also to convert any formed into olefine 
oxides by removing hydrogen chloride The presence of 
olehne oxides in gasoline does not seem to be objectionable 
in any way 

The treatment should be restricted as far as possible to 
the minimum amount of alkaline hypochlorite necessary 
for sweetening It has been found that the use of very dilute 
solutions, e g calcium hypochlorite 0 07 N (available chlo- 
rine) in saturated lime-water, coupled with an efficient free 
alkali wash appears to overcome the formation of undesir- 
able compounds and gives, with Iranian cracked distillates, 
results equal to, if not better than, those obtained with 
plumb] tc 


VI. THE ACTION OF SULPHURIC ACID AS A 
REFINING AGENT FOR LIGHT DISTILLATES 

Sulphuric acid has been in use in the petroleum industry 
since the earliest times, being adopted from the coal-tar 
and shale industries, in which it was in general use To-day 
It IS undoubtedly the most important and most widely used 
refining agent, finding application not only for the treatment 
of the lighter distillates but throughout the whole range of 
petroleum products The fact that it can be used for a 
multiplicity of purposes renders it an extremely convenient 
reagent, particularly in view of its cheapness and general 
availabihty Its chief disadvantage lies m the refining 
losses which its use enUils, especially in the treatment of 
cracked distillates when they are not merely confined to 
loss in volume but frequently in quality also The disposal 
of the waste acid sludge is nearly always a very real prob- 
lem and many refiners are driven to operating a recovery 
process for the purpose In small refineries, however, these 
are not economical and the sludge is frequently allowed 
to collect on waste land 

In the treatment of the lighter disullates, acid-washing 
IS employed (a) to reduce sulphur content, (b) to remove 
basic and oxygenated compounds, and (c) to polymerize, 
remove, or destroy the extremely active gum-fornung hydro- 
carbons present m unrefined cracked and certain straight 
distillates Although m practice it is not possible to limit 
the scope of the acid to any one operation, and two or 
more invariably take place sunuluneously, the chemistry 
of each is distinct and will be considered separately Thus 
in the treatment of cracked distillates the acid reacts not 
only by virtue of its polymerizmg properties, but also in its 
capacity as a desulphunzing agmt, if nitrogen bases and 
oxygen compounds ate present, these too are removed 


Acid treatment alone is far from a complete process It 
must be followed either by neutralization with caustic soda 
or soda ash, or by treatment with an adsorbent earth, for 
example, bauxite, floridin, &c , to remove the traces of acid 
and acidic bodies left m the oil Furthermore, as a con- 
siderable change may occur m the boilmg-range due to the 
formation of polymers or high-boilmg sulphur compounds, 
it is desirable to complete the treatment with redistillation 
In the case of such products as kerosine this, however, can 
be advantageously avoided by the use of adsorbent materials 
which effectively remove the small amounts of high-boiling 
products formed 

Action of Sulphuric Acid on vanous Sulphur Compounds 
The action of sulphuric acid in reducing the sulphur 
content of light distillates is mainly physical and due to the 
preferential solubility of the sulphur compounds m the acid 
Oxidation and sulphonation, however, also occur but, un- 
less sufficient acid is present to extract the products formed, 
these tend to remain in the hydrocarbon layer so that the 
sulphur content remains unchanged The extent to which 
chemical and physical action occur is determined by the 
sulphur compounds present, the concentration of the acid, 
and the temperature at which the operation is carried out 
Until comparatively recently it was common practice to use 
cither concentrated (96%) acid or fuming acid (containing 
20% SOj) for both strai^t and cracked products but, m 
view of the extensive polymerization which occurs when 
cracked distillates are treated with strong acids, these acids 
are now only used on such straight products as gasohne, 
naphthas, and kerosine In these distillates the hydro- 
carbons are comparatively mert and, unless either the con- 
centrated or fuming acid is used, little desulphurization 
takes place The tendency is therefore to treat cracked 
products with acid of such concentration that only the most 
reactive hydrocarbons are affected Since the more dilute 
the acid becomes the lower are its solvent and chemical 
action. It follows that less desulphunzing and sweetenmg 
occur when cracked distillates are treated with weaker 
acid than when straight products are treated with con- 
centrated or fummg acids The effect of the concentra- 
tion of the acid is clearly shown in the following table 
(Wood, Shceley, and Trusty [157, 1926]), giving the effect 
of concentration of the acid upon the removal of certain 
sulphur compounds from naphtha solution under standard 
conditions 


Acid concentration 


Sulphur compound 
Ekmenul sulphur 

Hydrogen sulphide 
Dimethyl sulphate 
Methyl p-toluene sul- 


fl-Butyl sulphide 
ii-Propyl disulphide 

Diphenyl sulphone 


iWpAur- ' 


0 26 0 26 , 02SB 026 


0 005 ' 0 005 


Time of contact, 1 hour 

Volume or stock solubon taken, 50 c c 

• «65y. 


The influence of acid concentration upon desulphuriza- 
tion IS most marked Weak acid (S3° ^ ) produces very 
little effect even when the treatment is extremely heavy. 
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while the fuming acid brings about complete desulphunza- 
tion excepting when elemental sulphur or carbon disulphide 
IS present In practice dilution of acid takes place during 
use but this is largely due to the physical solution of 
sulphur compounds or hydrocarbon This form of dilution 
does not reduce the oxidizmg acUon of the acid to nearly the 
same extent as aqueous dilution The latter also occurs 
owing to the reduction of the acid in the oxidation of both 
sulphur compounds and hydrocarbons Desulphurization 
due to the solvent action of the acid leads to a condition of 
equilibrium being set up between the sulphur compound 
in the acid and the hydrocarbon layers, to which the 
ordinary rules of distribution apply so that treatment is 
best earned out in counter-current operation 
The action of sulphunc acid in removing sulphur com- 
pounds may be summanzed as follows 

1 Product m 

Sulphur compound Product m od layer | acid hi er 

Mercaptan R^S,, traces of unstable com- (RSOjHt) 

pounds 

Carbon disulphide Unchanged CSj 
Hydrogen sulphide Sulphur 
Sulphur ' Sulphur i 

Thioethers R:S 

Disulphides R.S 

Thiophen C,H.SO,H 

Sulphoxides RjSO 

Sulphones R,SO, 

Alkyl sulphates RHSO4 


Sulphur, Hydrogen Sulphide, and Carbon Disulphide 

Sulphuric acid is without action upon either elemental 
sulphur or carbon disulphide and, as both are practically 
msoluble m it, they remain unchanged in the hydrocarbon 
layer Hydrogen sulphide, however, is readily oxidized by 
both the concentrated and fuming acid with the formation 
of elemental sulphur and water, the acid being reduced at 
the same time to sulphur dioxide, thus 

H,S-) HjSO, - S + SH.OJ^SO, 

Since there is no further action between the acid and the 
sulphur formed, the latter dissolves in the hydrocarbon 
layer, the sulphur content of which consequently remains 
unaltered The formation of sulphur in this way during 
acid treatment is not as senous a disadvantage as m pro- 
cesses such as hypochlonte treatment because acid treat- 
ment IS usually followed by redistillation The dilution of 
the acid by the water formed is a far greater disadvantage 
but the amount of hydrogen sulphide present is rarely or 
evei sufBaently large to make a preliminary treatment for 
Its removal economical 

The oxidizing action of sulphuric acid upon hydrogen 
sulphide decreases with decreasing acid concentration 
Thus Wood, Sheeley, and Trusty [157, 1926] found that 
53“ B6 acid was without effect upon hydrogen sulphide 
dissolved m naphtha It must be emphasized, however, that 
sulphunc acid diluted with such non-aqueous solvents as 
phosphoric acid, sulphonic acids, thioethers, &c , retains its 
oxidizing properties to a greater extent than when diluted 
with water 

Disulphides. 

It is convenient to consider the disulphides next, for not 
only do they occur m light distillates per se, but they form 
the mam products of the action of sulphunc acid upon 
mercaptans (q v ) Wood, Lowy, and Faragher [156, 1924] 


who exammed the action of acid upon vanous sulphur 
compounds found that with disulphide itwas mainly solvent 
although some slight oxidation also occurs Dilution of the 
acid with water formed by this oxidation is so slight that it 
scarcely affects the solvent power The following table 
shows the effect of varying acid treatment upon the removal 
of ethyl disulphide from a naphtha solution dunng one 
hour 

Acid Uiid* Total sulphur, 

0 0 61 

2 0 37 

4 010 

6 0 02 

8 0 0094 

* 66° Bt acid 1 c c equivalent to J treatment by weight 

Oxtdation, as indicated by sulphur dioxide formation, 
occurred only to an extent equivalent to 2 76% of the 
sulphur present m the naphtha per hr The solvent power 
of the acid, which is very marked in the fuming acid, 
falls away rapidly with decreasing concentration 53“ Be 
acid being without effect (Wood, Sheeley, and Trusty 
[157, 1926]) 

In view of the fact that the action of the acid is so largely 
confined to one of solution, it is perhaps surprising that 
neither Mabery and his collaborators [97, 1891, 1894, 
1906], nor Thierry [140, 1925], both of whom investigated 
acid sludge, found any mdications of disulphides The 
reason for this is possibly to be found in the following table 
based upon Birch and Norris’s work m which it can be seen 
that under identical conditions of treatment the solvent 
action of the acid decreases with increasing molecular 
weight of the disulphide 

% rrmosed from 
naphtha solution 

Disulphide Concentrated and Fuming and 
Ethyl ' 61 9 71 4 

n-Propyl 54 3 74 3 

/toButyl 26 4 45 3 

iwAmyl 19 4 35 5 

The result obtained for the fuming acid on the n-propyl 
derivative is anomalous but the remainder definitely shows 
the decrease in the solvent power of the acid with increasing 
molecular weight of the sulphur compound A similar 
observation was made by Youtz and Perkm [161, 1927] 

No mvestigation appears to have been made into the 
products formed m the reacuon, but it is probable that the 
corresponding sulphonic acids constitute the major part 

Mercaptans. 

Although Erlenmeyer and Lisenko [51, 1861] found 75 
years ago that the acUon of sulphunc acid upon ethyl mer- 
captan leads to the formation of the disulphide, it is only 
comparatively recently that the reaction has been examined 
at all closely Wood, Lowy, and Faragher [156, 1924], who 
were the first to investigate the action of acid upon mer* 
captans m naphtha solution, found that, providing sufficient 
acid was present and the time of contact long enou^, 
sweetenmg occurred accompanied by a decrease in the 
sulphur content of the naphtha Less acid requited a 
longer time to effect sweetening and there was then actually 
a tendoicy for the sulphur content to increase slightly 
Reaction was accompanied in the early stages by consider- 
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able sulphur dioxide evolution but this rapidly decreased 
as the action proceeded The effect of varying acid treat- 
ment upon the sulphur content of a naphtha containing 
ethyl mercaptan is shown in the following table (Wood, 
Lowy, and Faragher [156, 1924]) 

Acid treatment Sulphur content 

0 71 

,, Q, (Sour after 1 hr 
lSwetlarur2hr 

OSS 
0 74 
064 
0 42 

Tunc of contact 1 hr let acid equivalent to a S°, treatment by 
weight 

The only product of the reaction identified was the 
disulphide The action of the acid was therefore two-fold 
the mercaptan was first oxidized to disulphide and the 
latter then removed from the hydrocarbon by solvent 
action The oxidation mechanism suggested by Wood, 
Lowy, and Faragher was as follows 
HOs RS . 

RSH h ySOs— ^SO, 

HQ/ HO'' 

RS K RS 

RSH ^SO — ,SO. 

HO^ RS 

. R,S, SO, 

RS/ 

Traces of the intermediate compounds remaining in the 
oil would account for the initial rise in sulphur content 
Wood, Sheeley, and Trusty [157, 1926] later extended this 
work but, apart from noting the greater solvent and oxidiz- 
ing action of fuming acid and observing that 53° Be acid 
is without action, did not elicit any new facts of importance 
The isolation of n-butyl n-butylthiosulphonate by Bennett 
and Story [6, 1927] from the acid layer formed in the action 
of concentrated sulphuric acid upon /i-butyl mercaptan, 
supports Wood, Lowy, and Fara^er’s hypothesis for the 
mcchaiusm of the reaction, but Birch and Norns [16, 1929] 
were not able to repeat ^nnett and Story's expenment 
They did, however, find that besides the disulphide traces 
of compounds were present in the hydrocarbon layer after 
the action, which possessed definite corrosive properties 
towards copper over the temperature range 130-190° C 
While both sulphoxides and disulphoxides (the latter is 
structurally identical with Bennett and Story’s compound, 
C4H,0 S so QH,) proved to be corrosive to copper under 
such conditions, it was found that these compounds were 
completely removed from naphtha by acid leavmg a non- 
corrosive hydrocarbon layer Careful investigation showed 
that, besides the disulphide, traces of higher polysulphides 
were present m the naphtha and these were responsible for 
the corrosive behaviour The mechanism for the formation 
of the polysulphides is not obvious and may possibly be 
explained as follows the gaseous products from the action 
of acid upon mercaptans have been shown to contain 
hydrogen sulphide, sulphur dioxide, and the product of 
their mteraction, sulphur Since, m tests carried out with 
sulphur and mercaptans in naphtha solutions, polysul- 
phides have been idenufied in the products, it is possible 
that those formed as a result of the action of the acid were 
produced in the same way While this offers a reasonable 
explanation for the formation of such compounds, the 



possibility of them being formed as a result of the degrada- 
tion of the intermediates postulated by Wood, Lowy, and 
Faragher cannot be entirely dismissed 


RSv RS Sv RS. 

>SO, ( S -> >SO. -c >S4 SO. 

RS/ RS/ RS/ 


The indications obtamed pointed to the tnsulphide, but 
the quantity formed was too small for identification This 
was to some extent confirmed by observing the action of 
ethyl tnsulphide m boiling naphtha solution upon copper, 
which closely resembled that of the acid-treated material. 


Sulphides, Sulphoxides, and Sulphones. 

Sulphuric acid exerts a purely solvent action on sulphides, 
whether open chain or cyclic (‘thiophanes’) although 
according to Wood, Lowy, and Faragher [156, 1924], 
oxidation occurs to a slight extent The solvent action 
IS very pronounced, quite a small volume of the concen- 
trated acid bemg sufficient to effect complete extraction 
of comparatively large amounts of the lower sulphides 
Youtz and Perkin, however, found that, although this was 
true for the lower members, the higher sulphides, eg 
diphenyl and dibenzyl sulphides, are much less easily 
removed They also observed that secondary sulphides are 
more soluble in acid than the corresponding normal 
isomers The relative ease with which various types of 
sulphides are removed from naphtha solution by 95% acid 
IS shown in the following table (Youtz and Perkin [161, 
1927]) 


Sulphur ivntint 

Bejore treatment | AJttr treatment* 


Sulphide I % 

rihyl 0 477 ' 0 041 

noAroyl 0S86 I 0 IBS 

/(-Heptyl 0418 | 0131 

wHeplyl 0 438 I 0089 

Ally] 0 624 OOSl 

Phenyl 0 507 ' 0 416 

Benzyl 0400 | 0210 


• 3 3% of 95% acid 

Owmg to the comparafively low sulphur content in the 
higher sulphides, the quantity of the actual sulphide re- 
moved is much larger than it appears from the sulphur 
content Thus a decrease of 0 349% when treating a 
naphtha solution of sec-heptyl sulphide actually indicates 
the removal of 2 5 g per 100 c c , or roughly 3 c c , which 
IS almost equal to the volume of the acid used Solvent 
action IS even more marked with the fuming acid but falls 
away rapidly on dilution of the acid below 75% 

Dilution by the addition of water to acid contammg sul- 
phides in solution merely results in their separating out 
unchanged (excepting possibly when they contain aro- 
matic groups) This method has been employed by several 
investigators when studymg the composition of the sulphur 
compounds present in fight distillates 
Sulphoxides and sulphones are similarly removed from 
solution and appear to be unaffected by the action of the 
acid While the lower members are extremely soluble m 
acid, nothing is known of those of higher molecular weight. 
It IS probable that they resemble the sulphides, to which 
they are closely related 

Thiophep. 

Thiophen dissolves in concentrated acid with the forma- 
tion of the sulphonic acid, the acid at the same time 
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acquiring a reddish-brown hue According to Victor 
Meyer [113, 1883], however, long stirring in the cold leads 
to more deep-seat^ changes and both sulphur dioxide and 
hydrogen sulphide are formed Tohl [142, 1894] also in- 
vestigated the reaction and found that at 0*' C the addition 
of thiopben to the concentrated acid gave not only the 
sulphonic acid but also aa'-dithienyl 


which beuig insoluble in the hydrocarbon layers are rapidly 
removed in the aad A condition of equihbnum appears to 
exist between the dialkyl sulphate and sulphuric acid on 
the one hand and the alkyl sulphuric acid on the other, 
which no doubt explains the traces of the dialkyl sulphate 
generally present in the petroleum layer Normally this is 
removed by alkali washing and not by the acid 



The action of the acid under conditions similar to those 
existing in the refining of light distillates was first examined 
by Wood, Lowy, and Faragher [156, 1924] Oxidation 
as evidenced by the formation of sulphur dioxide was 
equivalent to 0 21 % of the thiophen present per hour but 
quite a heavy treatment was necessary to effect de- 
sulphurization as the following figures for the removal of 
thiophen from a naphtha solution indicate 

Acid treatment i Sulphur content 

0 ; I 08 

2 0 63 

4 0 33 

6 0 02 


1 cc u equivalent to a S°, treatment by weight Time of con- 
tact, 1 hr 

As IS to be expected, dilution of the acid reduces its 
effectiveness (cf Wood, Sheeley, and Trusty [157, 1926]) 
Youtz and Pcrkui showed that sulphonation alone is 
not responsible for thiophen removal They found that 
tnmethylthiophen and tctramethylthiophen are both re- 
moved by acid As the latter is incapable of sulphonation, 
it must be removed by solvent action alone 

Dialkyl Sulphates. 

Dialkyl sulphates cannot be regarded as normal con- 
stituents of light distillates, although they are generally to 
be found in acid-treated cracked material, formed as a 
result of reaction between the acid and the olefines present, 
thus 

R'CH— CH,R 

H,SO.+2R'CH-CHR-> SO, 

I 

R'CH— CH,R 

where R and R' can be alkyl groups or hydrogen atoms 
It IS unlikely that dialkyl sulphates lower than the dibutyl 
derivative occur in ordinaiy cracked distillates as the ole- 
fines necessary for their formation are not generally present 
The higher members, although unstable in a pure condition, 
appear to be relatively suble m petroleum solution They 
decompose slowly, however, on standing or more rapidly 
at hi^er temperatures and are responsible for most of the 
corrosion which occurs during the rerunmng of acid-treated 
pressure disbllates Dialkyl sulphates react with sulphuric 
acid to form the correspondmg alkyl sulphuric acids 
R.S0,-|-H,S04 1= 2RHSO, 


The Action of Sulphuric Acid upon Saturated Hydro- 
carbons 

Apart from its action as a sweetening and desulphuriz- 
ing agent, sulphuric acid is capable of reaction with the 
hydrocarbons themselves, particularly those possessing 
unsdturated linkages It is usual to regard the saturated 
hydrocarbons, that is to say, the paraffins, naphthenes, and 
aromatic hydrocarbons, as unaffected by acid, but this is not 
entirely true, especially when the action of the fuming acid is 
being considered Under the conditions generally employed 
in the treatment of light distillates, however, the effect of 
the acid upon naphthenes and paraffins is so slight as to 
be practically undetectable, it must be taken into account, 
however, when acid is used for the estimation by absorption 
of either aromatic or unsaturated hydrocarbons 

As a result of the action of the acid sulphonation, 
sulphation, oxidation, condensation, and polymeriza- 
tion all occur depending upon the type of hydrocarbon 
reacting Because of the diversity of these reactions, it is 
convenient to consider the effect upon each type of hydro- 
carbon separately 

Paraffins. 

In the cold practically no action occurs between paraffins 
and concentrated sulphuric acid even up to lOO'K, con- 
centration On the other hand with the fuming aud, reac- 
tion definitely takes place Thus Orndorlf and Young [1 26, 
1893] found that propane allowed to stand in contact with 
oleum was absorbed to an extent of about 50% over a 
period of 15 days, while Worstall [160, 1899] observed 
that the fuming acid absorbed methane less readily than 
ethane Investigations by other workers showed that the 
reaction was by no means limited to the three simplest 
paraffins and the relative rates of absorption of methane, 
ethane, propane, butane, isobutane, pentane, isopentane, 
hexane, heptane, 2-methylheptane, and octane have 
been determined ([50, 1913], Tropsch and Dietrich [145, 
1925], et a!) Mabery working with petroleum fractions 
instead of pure individual hydrocarbons found that various 
fractions of Pennsylvanian origin were attacked by the 
fuming acid [99, 1902], and later McKee [106, 1912] 
claimed that the hydrocarbons present in Pennsylvanian 
kerosine boiling in the 200° C range could be sulpho- 
nated to disulphonic acids with concentrated aad pro- 
vided that vigorous stirring was employed Brooks and 
Humphrey [30, 1918] were unable to verify McKee’s 
statement in fact they found that neither n-heptane nor 
di-fsopropyl could be made to react with 95% acid even 
after 48 hr at 25° C Sentke [SO, 1913], however, states that 
R-octane is attacked at normal temperatures 

A more detailed investigation of the action of the 
fuming acid upon n-hexane, n-heptane, and n-octane has 
been made by Wontall [1S9, 1898] who found that, 
while httle if any action took place in the cold, the 
addition of the aad to the hot hydrocarbon resulted in a 
vigorous action in which the monosulphonic aad, together 
with traces of the disulphonic aad, was formed n-Hexaoe 
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gave a yield amounting to 30-40% of n-hexanesulphonx 
acid, a light brown liquid very soluble in alcohol and 
water, but completely insoluble in ether Considerable 
oxidation occurred during the reaction The disulphomc 
acids were only obtained in quantity by passing sulphur 
trioxide into the boiling hydrocarbon Besides these, which 
proved to be dark syrupy liquids, brown brittle solids in- 
soluble in water and organic solvents were also obtained 
which Worstall considered to be oxysulphones Whether 
these were m any way related structurally to the octane- 
sultone isolated many years latei by Baldeschwieler and 
Cassar [4, 1929] from the action of sulphuric acid upon 
certain olefines is unknown 

A further examination of the action of fuming acid 
upon n-hexane, cyc/ohcxanc, and mcthyh vc/ohexane was 
later carried out by Burkhardt [31, 1930], who found 
that at 0-10" C sulphuric acid containing 30-^5% sulphur 
trioxide readily attacked «-hexane All the sulphur trioxide 
was consumed and tor each molecule of hydrocarbon 
attacked one molecule of sulphur dioxide resulted The 
products of the action were found to be partly unsaturated 
and to contain sulphuric ester groups, probably as sulphato- 
sulphonic acids in turn formed by the action of the fuming 
acid on the unsaturated hydrocarbons producedmthe initial 
oxidation On hydrolysis, disulphomc and monosulphonic 
acids were formed in the ratio of 2 1, in which some 5% 
of the hexane chains were unsaturated and 30% contained 
hydroxjl groups Burkhardt considered that oxidation to 
the unsaturated hydrocarbon hrst occurred followed by the 
addition of the acid to the unsaturated linkage formed, 
hydrolysis then led to the formation of sulphonic acids 
containing either hydroxyl groups or double bonds 

It appears, therefore, that the fuming acid is capable 
of both oxidation and sulphonation although, as Brooks 
and Humphrey [30, 1918] showed, the extent to which this 
occurs IS dependent upon the conhguration of the hydro- 
carbon While the normal members apparently require 
somewhat drastic conditions, such paraffins as tetramethyl- 
cthanc are readily attacked The aliphatic sulphonic acids 
are extremely stable strongly acid compounds, the lower 
members are colourless, very hygroscopic viscous liquids, 
while the higher homologues arc comparatively low- 
melung solids which form mono-hydrates Unlike the 
alkyl sulphuric acids they are extremely resistant to hydro- 
lysis, prolonged heating at 3 10-375“ C with aqueous caustic 
soda being necessary As acid hydrolysis docs not appear 
to occur to any measurable extent, it is unlikely that any 
breakdown of this kind takes place dunng the normal 
process of acid recovery 


Naphthenes. 

While naphthenes are rather more susceptible to sul- 
phunc acid than paraffins, under normal refining conditions 
the action is probably only slight Excepting for the lower 
members and their substitution denvatives (the presence of 
which in petroleum products is somewhat doubtful), con- 
centrated acid has little or no efifect m the cold The fuming 
acid IS, however, much more reactive and both oxidation 
and sulphonation readily occur This reaction was first 
observed by Markovmkov, who found that certain naph- 
thenes reacted at ordinary temperatures or more readily 
at 40" C to give aromatic sulphonic acids, resins, and com- 
pounds volatile in steam 

The simplest naphthene, cyc/opropane, is easily the most 
susceptible to the action of the acid Even quite moderately 
concentrated acid ruptures the ring with the formation 


of either straight chain alkyl sulphates or polymerized 
olefines Rogenski and Rathman [131, 1933] investigated 
this reaction carefully and found that over a range of 
acid concentrations varying in gravity from 1 59 to I 83 
and at temperatures from 0 to 25“ C, cyc/opropane was 
always more readily absorbed than propylene Berthelot 
[9, 1893] states that concentrated acid absorbs 480 c c per 
g at 18° C On hydrolysis of the acid solution Gustavson 
obtamed /i-propyl alcohol [61, 1887] 

j— CHj-HSO.^ H,0 -C.H,OH4H,SO. 

CH, 

Reactivity towards sulphuric acid is not confined to 
the parent hydrocarbon, for substituted cyc/opropanes 
appear to be equally reactive Thus Demyanov [43, 1895] 
found that methylryc/opropane is readily absorbed in 
concentrated acid with the formation of high-boiling 
hydrocarbon polymers and w-butylsulphuric acid, the 
latter on hydrolysis gave jpc-butyl alcohol 

/CH, [CH, CH CH CH,I (C,H,)„ 

CH.CH< I ( 

XH, ^ CH, CH(SO.H) CH, CH.->-C4H,OH 
The jfew-dimethyl derivative, 1,1-dimcthylrvc/opropane, 
too, IS stated by Gustavson and Popper [62, 1898] to 
dissolve in acid as weak as 75 
No references occur m the literature to the action of 
sulphuric acid upon ci c/obutanc or its derivatives, but from 
Its chemical resemblance to cyc/opropane it is probable that 
It reacts fairly readily Cyc/opentane is stated to be un- 
affected by the concentrated acid, but there is no reference 
to the effect of the fuming acid Zelinski [162, 1923], 
however, states that l,4-dimethyl-2-cthyl-cyc/opentane dis- 
solves in fuming acid containing 10“u sulphur trioxide 
with darkening but that no heat or sulphur dioxide is 
liberated 

While concentrated acid appears to be without effect 
upon rve/ohexane and its derivatives, the fuming acid both 
oxidizes and sulphonatcs them Burkhardt [31, 1930] 
examined the products of the reaction of cyc/ohexane with 
acid contaimng a high percentage of sulphur trioxide (35- 
65%) at 0-10“ C and found that the action was very 
similar to that which took place with n-hexane Each 
hydrocarbon molecule attacked resulted in the formation 
of one of sulphur dioxide and sulphato-sulphonic acids 
were formed, the latter on hydrolysis yielded both mono- 
and di-sulphonic acids, which were partly unsaturated or 
contained hydroxyl groups Benzene-sulphonic acid was 
also isolated from the products Menschutkm and Wolf 
[111, 1927, 1930] obtamed similar results, although they 
isolated a much higher proporUon of aromatic sulphonic 
acids from the products Methylcyc/ohexane, however, 
according to Markovmkov, yields little or no aromatic 
sulphonic acids when oxidized by the fuming acid [104, 
1903, 1905] and this was confirmed by Burkhardt, who 
investigated this reaction also The latter mvesugator found 
that oxidation took place with less readiness than with 
ryc/ohexane and the proportion of sulphur dioxide formed 
per molecule of hydrocarbon attacked was only half that 
obtamed with n-hexane The polymethylcyc/ohexanes 
appear to be much more susceptible to oxidation and give 
m^erately high yields of the correspondmg aromatic 
sulphonic acids llius Markovmkov obtained xylene from 
octenaphthene [105, 1887] and Konovalov [90, 1890] 
0-cumene from 1,2,4-trimethylcyc/ohexane 


CH,v. 

I >CH. I H.SO, -CH 

CH./ I 
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The Action of Sidphnric Acid upon Aromatic Hydro- 
carbons 

Of the so-called saturated hydrocarbons, the aromatic 
hydrocarbons are the most susceptible to the action of acid 
Sulphonation occurs very readily compared with the 
pai^ns or naphthenes, even 85 "o acid having been shown 
by Faragher, Morrell, and Levine [52, 1930] to have an 
appreciable effect upon benzene and toluene. Carpenter 
also showed [36, 1926] that the effect of 80% acid upon 
a xylene-toluene mixture is quite detectable Townc [143, 
1931] has examined a whole series of aromatic hydro- 
carbons and studied the effect of time, constitution, and 
acid concentration The results are summarized in the 
following table 

", iolubh in 

S3 ' „ acid $W ‘ „ acid 

Hidrocarhoii I mill 10 mm 10 mm 
Benzene 6 27 100 

Toluene 11 100 100 

Xylenes (mixed) 14 98 100 

Ethylbenzene 10 78 100 

Diethylbenzcne 6 44 100 

Mesitylene 23 100 100 

uoPropylbcnzenc 2 37 100 

Aec-Butylbenzene 1 19 100 

lerr-Butylbenzene 0 23 100 

tert-Amylbcnrene 0 18 100 

p-Cyraene 0 73 100 

It can be seen that the effect of the 93 ‘^o acid is consider- 
able even after the comparatively short period of contact, 
while the ease of sulphonation is noticeably increased by 
the mtroduction of methyl groups into the benzene 
nucleus Mesitylene is particularly readily sulphonated, but 
the introduction of a fourth methyl group results m stenc 
hmdrance (Tehcheyev and Dumski [139, 1927]) Besides 
the tetra-substituted derivatives, benzene itself and denva- 
tives containing para substituents have also been shown 
to be less readily attacked by 91-2% acid than most 
aromatic hydrocarbons Sulphonation of aromatic hydro- 
carbons is accompamed by considerable evolution of heat 
which, as the reaction is accelerated by increase of tem- 
perature, very definitely affects the extent to which sulpho- 
nation takes place The action is also very susceptible to the 
action of certain catalysts such as silver and vanadium com- 
pounds, while surface effects also play their part in aiding 
sulphonation Wendt claims that the sulphonation of 
benzene is materially assisted by the presence of kieselguhr 
Under normal conditions the action of the acid is almost 
entirely hmited to the formation of the mono-sulphonic 
acid, fuming acid or a large excess of the concentrated 
aad at elevated temperatures bemg requued to form the 
disulphonic acid Small amounts of the disulphonic aad, 
together with traces of diphenylsulphones, have, however, 
been isolated from the action of concentrated acid upon 
benzene at ordinary temperatures The sulphonic acids 
themselves are deliquescent colourless solids which, unlike 
the paraffin and naphthene sulphonic acids, are readily 
hydrolysed by steam or aads to give the onginal com- 
ponents This reaction is of considerable interest not only 
because it provides a means for separating aromatic 
hydrocarbons from accompanying naphthenes or paraffins 
of the same boihng-range, but also because the difference 
in ease of hydrolysis of the sulphonic acids formed can 
sometimes be used to separate isomenc aromatic hydro- 


carbons themselves (cf separation of mesitylene and 
^Miumene by Jacobsen’s method [77, 1877]) 

Normally the acid treatment of the light distillates has 
little effect upon the aromatic content unless a particularly 
heavy treatment with fuming acid is emploj^ for the 
reduction of sulphur content Only under such conditions 
is there any detectable effect upon the octane number 
(such an effect might be somewhat mitigated by the removal 
of pro-knock sulphur compounds, cf Birch and Stansheld 
[20, 1936]) 

That aromatic hydrocarbons are, however, removed by 
the acid has been demonstrated by several workers Birch 
and Norris [15, 1926] found that acid sludge from the 
refining of Iranian kerosme contained, besides sulphur 
compounds, aromatic sulphonic acids and the free hydro- 
carbons themselves The presence of the latter was at first 
inexplicable but it was later found that the aromatic 
sulphonic acids (and sulphur bodies) in the acid sludge 
were capable of a selective extraction of the aromatic 
hydrocarbons On dilution of the sludge with water, 
these were immediately thrown out of solution with the 
sulphur bodies, while the aromatic sulphonic acids remained 
dissolved Manning and Shepherd [102, 1930] also found 
that aiomatic sulphonic acids exerted a definite solvent 
action upon saturated hydrocarbons, although this may 
have been caused to a certain extent by the aromatic 
hydrocarbons already in solution 

For the complete removal of the aromatic hydro- 
carbons from cuts intended for special purposes, eg 
as solvents, it is desirable to start with a material as free 
from aromatic hydrocarbons as possible This is usually 
accomplished by sulphur dioxide extraction, which, 
although only substantially complete at temperatures in 
the neighbourhood of —80° C reduces the aromatic con- 
tent very considerably The remaining aromatic hydro- 
carbons can then be removed by means of 98-9% acid or, 
if loss of part of the naphthene content is immaterial, 
fummg acid A very heavy treatment, i c 200-3(X)%, is 
necessary for complete removal and should be applied in 
two or three washes Although some shght oxidation of 
aromatic hydrocarbons occurs with concentrated acid and 
IS more marked with the fuming acid, no information on 
the subject appears to be available 

Mention must be made of the condensation of olefines 
with aromatic hydrocarbons under the influence of sul- 
phuric acid, a reaction which has been known for many 
years Brocket [26, 1893] found that benzene and hexene 
react to yield a hexylbenzene and other products, but less 
success attended his efforts with pentene in place of hexene 
Kraemer and Spilker [91, 1890, 1891] showed that styryl- 
xylenes were formed from a mixture of xylene and styrene 
m the presence of sulphunc aad The olefine itself is 
not essential, for Barbier [5, 1932] obtamed rerr-butyl-p- 
cymene from rert-butyl alcohol and p-cymene ^t 0° C 
Egloff [49, 1935] claims that alkylated denvatives are pro- 
duced from the lower olefines and aromatic hydrocartens 
using sulphuric aad as catalyst Thus benzene and pro- 
pylene gave isopropylbenzene 

C.H,-|-C.H. - C,H,C,H, 

A recent examination of the condensation of olefines 
vnth aromatic hydrocarbons m the presence of sulphuric 
acid has been made by Ipatieff, Corson, and Pmes [73. 
1936] These authors have shown that three reactions are 
involved 

(1) condensation of the olefine with the aromatic hydro- 
carbon. 
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(2) polymerizauon of the olefine, and 

(3) ester formation, 

the predominating reaction being determined by the acid 
concentration and olefine Thus, with propylene and 
sulphuric acid (96%) the first reaction predominates, 
little ester and no polymer formation taking place When 
80% acid IS used, however, ester formation becomes 
marked, although alkylation sUll occurs With isobutene 
at 4-20° C and 96% acid, alkylation predominates 
and there is little ester formation, while with 80”;, acid 
reaction is almost entirely confined to polymerization At 
a still lower acid concentration (TO*;,,) ester formation only 
occurs Brochet's failure to obtain amylbenzene from his 
reaction with pentene, benzene, and sulphuric acid was due 
to the presence of amyl sulphates in his product which on 
distillation decomposed to form tars Ipatictf, Corson, and 
Pines examined the condensation of olefines varying from 
propylene to dodeccne with benzene, toluene, and naph- 
thalene and found that the reaction was general The pro- 
ducts were not limited to the mono-alkyl derivatives, the 
di-, tri-, and tetra-uopropylbenzenes being obtained Irom 
propylene and benzene 

Still more recently, Ipatieif and Pines [75, 1936] have 
shown that when certain polymerized olefines are con- 
densed with aromatic hydrocarbons in the presence of 
sulphuric acid (96%), depolymerization occurs and aro- 
matic condensation products are formed correspondmg to 
the monomeric olefines Thus di-irnbutene and benzene in 
the presence of 96'?;, acid give a mixture of mono-, di-, and 
tn-terf-butylbenzencs 

Egloff [49, 1935] claims that the higher alkylated com- 
pounds arc themselves capable of alkylating unchanged or 
fresh material, thus 

C,H4(C,H,).-i C.H, 2C.H5C,H, 

If this reaction proceeds as easily as EglofiT claims, it should 
prove a valuable source of mono-alkylated benzenes 

The Action of Sulphuric Acid upon Unsaturated Hydro- 
carbons 

While the action of sulphuric acid upon paraffins, 
naphthenes, and even aromatics can for most practical 
purposes be disregarded by the refiner, the effect of the 
acid upon the unsaturated hydrocarbons, the olefines and 
diolefines, is of the utmost importance In the crackmg 
operation enormous quantities of light distillates are pro- 
duced annually, which consist to a greater or lesser extent, 
dependmg upon the type of cracking employed, of olefines 
and diolefines It was early discovered that, unlike straight 
distillates, cracked gasolines on storage went off colour, 
acquired a rancid odour, and deposited gum, all of which 
objectionable properties were found to be due to the un- 
saturated hydrocarbons present To a very considerable 
extent these undesirable characteristics could be eliminated 
by aad treatment, followed by neutralization and redistilla- 
tion, but the refining losses incurred were extremely heavy 
Brooks and Humphrey [30, 1918] actually give figures rang- 
ing from 8 2 to 28% for losses which they obtamed when 
aad-tieating certam cracked distillates in the laboratory 
Furthomore, in spite of the fact that the raw distillate was 
carefully cut at 150° C before treatment, as much as IS to 
30% of the treated material boiled above this temperature, 
ts4iile the dry point was not reached at 260° C Suchdrasuc 
treatment must have affected a very high proportion of the 
unaaturated hydrocarbons initially present and given a 
refined product largely composed of paraffins, naphthenes, 


and aromatic hydrocarbons In practice less drastic acid 
treatment was employed but even so the refinmg losses 
generally amounted to S to 10%, and at times even more 
When later a demand arose for high anti-knock fuels, it 
was realized that not only did the acid treatment reduce 
the yield very considerably, but it also had a very adverse 
effect upon the anti-knock value Investigation m fact 
showed that the very hydrocarbons which were being 
destroyed by the acid were largely those responsible for 
the anti-knock properties It was also discovered that many 
of the olefines either destroyed or polymenzed to com- 
pounds boiling outside the gdsolme range, were in them- 
selves relatively stable The result of these discoveries has 
been the tendency in recent years to so modify acid treat- 
ment that only the most reactive hydrocarbons responsible 
for instability, gum-formation, &c , arc removed or des- 
troyed, while at the same time leaving the relatively stable 
olefines unaffected So successfully has this been accom- 
plished that to-day, by the use of light treatments employ- 
ing comparatively weak acid, refining losses have been 
reduced to very low figures with little or no loss in anti- 
knock value The use of inhibitors has allowed treatment 
to be reduced even further, for with their aid it is possible 
to render stable products which otherwise, owing to the 
extremely light treatment given, would be definitely un- 
marketable 

The reaction between sulphuric acid and olefines is 
generally very complex Addition to form sulphuric esters, 
1 e alky] sulphuric acids or dialkyl sulphates, polymeriza- 
tion, depolymerization, isomerization, and condensation 
either with dissimilar olefines or with aromatic hydro- 
carbons, all occur together with other reactions of a less 
indefinite nature such as hydrogenation, dehydrogenation, 
and cyclization Alcohol formation, which occurs under 
certain circumstances, since it must take place through the 
intermediate esters (although these may not be isolable), 
IS included with ester formation or ‘sulphation', as it is 
frequently termed With the higher acid concentrations 
these reactions are generally so closely interconnected that 
It IS not possible for one to take place without being 
accompanied by at least one of the others Certain reac- 
tions as a rule predommate, however, the nature of which 
IS determined by the olefine involved and conditions em- 
ployed Only with the lowest olefine, ethylene, is the reac- 
tion simple and confined almost entirely to ester formation, 
which takes place in two stages 

C4H,+ H,S0, CjH. hso„ 

C,H. HSO,+ C,H. -(C,H,),SO, 

When sufficient ethylene has been absorbed, both ethyl 
sulphuric acid and diethyl sulphate are formed, it is not, 
however, necessary that all the sulphuric acid be converted 
mto the alkyl sulphuric ester before the formaUon of the 
dialkyl sulphate commences All three substances can exist 
together and Damiens [40, 1922, 1923] considers that a 
state of equilibrium is reached 

(C,H.),SO,-t-H,S04 ^ 2C,H,HS04 
As evidence he points out that at lower temperatures a 
higher proportion of the dialkyl sulphate is formed 

When fuming sulphuric acid is used, besides the above 
products, carbyl sulphate 

CH,-0-S0^ 

I >> 

CH, so/ 

IS also formed in considerable quantities, but m neither 
case does any appreciable amount of polymerization occur 
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In fact, only under very exceptional conditions, e g in the 
presence of a catalyst consisting of a solution of cuprous 
oxide in sulphunc acid and mercury, does polymerization 
take place (Damiens [40, 1923]) Under normal conditions, 
apart from slight oxidation and consequent sulphur dioxide 
formation, the reaction is limited almost entirely to addi- 
tion 

While many of the remarks concerning the formation of 
sulphuric esters apply equally well to propylene (and indeed 
to all olefines capable of forming them), the reaction of 
sulphuric acid with propylene is rather more complex than 
with ethylene Under identical conditions absorption is 
more rapid and the products contain, besides sulphunc 
esters, appreciable quantities of polymers Thus Sidgwick 
and Plant [135, 1921] found that 97% acid at 25 ‘C 
gave a considerable amount of a colourless oil boiling 
from 55 to 150' C Ormandy and Craven [124, 1927-9] 
later investigated the reaction more closely and showed 
that, apart from sulphuric esters, alcohols, and polymers, 
considerable quantities of saturated hydrocarbons were 
also formed The passage of propylene into 98% sulphuric 
acid resulted m an immediate separation of a colourless oil 
which, from its physical properties, appeared to be a mix- 
ture of paraffins Dilution of the acid furnished another 
oil, highly unsaturated in character, which darkened in air 
and possessed a high refractive index, this, Ormandy and 
Craven considered, contained tnolefines With less con- 
centrated acid, however, the tendency to form polymers 
was considerably reduced and a higher proportion of esters 
formed 

Whereas diethyl sulphate is a stable product which distils 
at 208 ' C with decomposition, the propyl derivative, ob- 
tained by saturating 98",, acid with propylene at as low 
a temperature as the melting-point of the mixture permits, 
IS much less stable It is a colourless liquid which when 
freed from all traces of acid can be distilled in vacuo with- 
out appreciable decomposition (Medvedev and Alekseeva 
[108, 1932]) In the presence of acid, however, it is very 
unstable and when warmed decomposes rapidly to form 
tarry products Whether the decomposition of unstable 
compounds of this type is responsible for polymer forma- 
tion IS a debatable point The observations of Ipatieff and 
his co-workers [71, 1935] on the decomposition of alkyl 
phosphoric acids to give polymers similar to those pro- 
duced in catalybc polymerization certainly support this 
theory onginally put forward by Kondakov [88, 1893, 89, 
1 896] to explain the formation of isobutene polymers The 
polymerization of propylene by phosphoric acid is repre- 
sented by Ipatieff as follows 

/CH^ \ CH^ .CH. 

6 >CH| 1 2H,PO, -> 3 >CH— c-f l 2H,PO, 

\CH,^ / CH/ ^CH, 

The product is not, however, limited to the dimende, for 
the latter, being an olefine, is itself capable not only of 
combining with a further propylene molecule to give a tri- 
mende but also with similar molecules to give yet another 
series of polymers The reaction is considerably com- 
plicated by accompanymg reactions, for the product con- 
tarns aromatic hydrocarbons besides olefines, paraffins, and 
naphthenes When allowance is made for the difference in 
reactivity of the two acids, the similanty m products (all 
but the aromatic hydrocarbons have been reported formed 
in the sulphunc acid-olefine reaction) suggests that poly- 
merization occurs with both through the same mechanism, 
le the formation and decomposition of mtermediate 
esters Unfortunately, sulphunc acid is so drastic m its 


action that it is not possible to study the products formed 
by the decomposition of dialkyl sulphates with heat owing 
to the formation of tars In this connexion Ipatieff’s 
observation [72, 1936] that dialkyl sulphates are decom- 
posed by phosphoric acid is of interest Nielsen [121, 1934] 
takes advantage of the lower reactivity of phosphoric acid 
by employing it as a diluent for sulphuric acid in the 
refining of cracked distillates, it is claimed that besides 
reducing refining losses, the treatment is easier to control 
and, as less oxidation occurs, the sludge remains light in 
colour and easier to recover The advantages claimed by 
Nielsen may, however, be due to the action of the phos- 
phoric acid in decomposing dialkyl sulphates 

The olefines so far considered are not normal con- 
stituents of gasolines, but the next homologue, butene, is 
piesent to an extent depending upon the degree of stabi- 
lization Unlike ethylene and propylene, which are capable 
of existing in one structural modification only, the butenes 
exist in three (or four, if both the and trans forms of 
butene-l are included), namely, butene-I, butene-2, and 
isobutene All three forms react far more readily with acid 
than either ethylene or propylene and, as is to be expected, 
the reaction products are complex Only when dilute acid 
is employed can the reaction be limited to ester or alcohol 
formation, the higher concentrations causing immediate 
polymerization to an extent dependent upon the structure 
the acid concentration, and the temperature Brooks and 
Humphrey, who first made a general study of the effect of 
sulphuric acid upon olefines [30, 1918] observed that the 
tendency for olefines to form sulphunc esters under the 
conditions of minimum polymer formation, increases with 
molecular weight until it reaches a maximum with the 
pentenes, after which it decreases The final falling off can 
no doubt be explained by the fact that conditions favour- 
able for ester formation from the higher olefines are equally 
favourable for their decomposition and subsequent poly- 
mer formation 

All three butenes are highly active towards sulphuric 
acid, the relative absorption rates as calculated by Davis 
[41, 1928] being as follows 

isoButene 280-390 
Butenc-2 2 
Butene-I I 

The last has approximately the same absorption rate as 
propylene for any acid concentration 

Although by selecting sufficiently weak acid and working 
at a low enough temperature, both butene-l and butene-2 
can be converted into scc-butyl sulphuric acid, no evidence 
has so far been obtained to indicate the formation from 
isobutene of the corresponding compound, irri-butyl sul- 
phuric acid Hydrolysis appears to take place immediately 
on absorption and reri-butyl alcohol is formed No acid 
IS consumed in the reacbon, only the amount of water 
required for the alcohol formation being abstracted from 
the system 

C4H,4-H,0->C,H„0 

When the alcohol-acid solution formed in this way is suffi- 
aently dilute, decomposition occurs on warming and iso- 
butene 1$ formed With increasing acid concentration, 
however, the tendency to form Isobutene becomes less and 
polymer formation occurs to an extent determined by acid 
concentration and temperature Titus at the lower con- 
centrauon limits at which polymerization commences i e 
about 45%, the only polymer formed is the dimeride With 
increasing acid concentration the tendfflicy is towards 
formation of higher molecular weight polymers at the 
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expense of the lower It can be seen from the following 
table givmg the boiling-points and gravities of the various 
isobutene polymers that a mixture containing them can 
cover a very wide boiling-range 


Pohmrnde 


Diisobutene 

Tnisobutene 

Tetrauobutene 

Penta»obutent 

Hexauobutene 

Heptaimbutene 


101 2° 762 mm 0 7195 

178 5-179 5-’, 760 mm 07600 
10677 mm 0 7944 

148 /7 mm 0 8176 

158-61 ,2 5 mm 0 8340 

181-6" 2 mm 0 8455 


(Lebedev and Koblianski [95, 1930]) 


With concentrated sulphuric acid, isobutene reacts 
extremely vigorously to give a mixture of polymers [120, 
1901], considerable heat being evolved in the reaction 
The latter eventually slows down, largely owing to re- 
duction of the acid and dilution by the water formed The 
formation of high-boiling polymers of high gravity is one 
of the chief characteristics of the action of acid upon 
olehnes, and is responsible, as we shall see, for the change 
in gravity and boihng-range of cracked distillates upon 
acid treatment 

The effect of temperature upon the polymerization of 
isobutene is of interest Acid-alcohol mixtures which at 
elevated temperatures give largely di-isobutene, on long 
standing at room temperatures give almost exclusively the 
trimcride It therefore appears that slow polymerization 
favours the formation of the higher polymers, while rapid 
reaction, possibly because the hydrocarbon is more quickly 
disengag^ from the solution, favours the monomeride and 
lower polymerides 

Butene-2, as mentioned above, more closely resembles 
propylene in its behaviour towards acid It is only poly- 
menzed to a slight extent by acid of lower concentration 
than 78% although recently Drake and Veitch, Jr [45, 
1935], have shown that sec-butyl alcohol heated with 75% 
acid under pressure gives a polymerization product con- 
sisting of 3,4-dimethylhexcnc-2 This is the compound 
which normally would be expected from the condensation 
of two butene-2 molecules thus 


CH.S 

CH 


CH 

CH,/ 


yCW, CH,^ ^CH. 

- n 

CH CH, CH 

^CH, CH,/ /cH, 

3,4-cliniethylhexknc-2 


It Will be observed that combination occurs in a manner 
similar to that postulated by Ipatieff for the phosphoric acid 
polymerization of propylene 
At moderate temperatures below 78% concentration, the 
action of the acid is normal and limited to ester and 
alcohol formation No evidence has so far been obtained 
for the formation of the corresponding dialkyl sulphate 
which IS probably extremely unstable Kmg [82, 1919] 
attributed the absorption of an excess of nearly 21% of 
butene over that theoretically required for sec-butyl 
sulphunc acid to direct hydraUon to the alcohol 
That direct hydration does occur under such circum- 
stances has been definitely shown by Brooks and Hum- 
phrey [30, 1918] who found that when Q, C„ and C, ole- 
fines were carefully treated with 85% sulphuric acid and 
the reaction product poured mto water, alcohols were 
formed These authors pomt out that as 30 to 40% of the 
original hydrocarbon remams m solution as the alkyl- 


sulphuric acid and does not hydrolyse on further standing, 
hydration must occur during the mitial absorption As 
supporting evidence they showed that when 100% acid 
or benzenesulphonic acid was used in place of 85% acid, 
no alcohols could be detected The fact that 94% acid gave 
less alcohol than 85% acid was further proof that the 
water present is the determining factor in alcohol formation 
Direct hydration in this way explains the presence of the 
alcohols which have been reported from time to time in 
acid sludge from cracked distillates 
When branched chain olefines are concerned both hydra- 
tion and dehydration are much complicated unless the 
unsaturated linkage is situated in a position sufficiently 
remote from the branching Such hydrocarbons then re- 
semble normal olefines in their behaviour Bulterov [32. 
1877] in his classic studies on the action of sulphuric acid 
on Mobutene, first observed besides the normal hydration 
product, /eri-butyl alcohol, the formation of a second pro- 
duct which he identified as isobutyl alcohol This, pre- 
sumably, could only have been formed by a rearrangement 
of the type which has been investigated in recent years by 
F C Whitmore and his colleagues The fact that many 
alcohols, particularly those containing tertiary groupmgs, 
do not give the expected product on dehydration or give 
it only in poor yield, has puzzled many investigators The 
changes involved resemble the well-known pinacol-pina- 
coline change as well as the corresponding retrograde re- 
action From a study of the fundamental changes occurring 
when a strongly electro-negative group is removed from an 
organic molecule during a reaction, Whitmore [151, 1932] 
has evolved a theory explaimng the formation of products 
other than those of simple metathetical or eliminating 
reactions The mechanism is simple and fits all rearrange- 
ments which involve the transfer of an atom or group from 
one atom to an adjacent one The dehydration of isobutyl 
alcohol to give normal butenes as well as uobutene fur- 
nishes an excellent example of such a reaction. 


H H 

CH, c c o H 
H,C H 


Removal 

ofOH- 


H H 
CH, C C 
H,C H 


Hie fragment can now be stabilized by the loss of a proton 
from the carbon atom beanng the two methyl groups thus 
-vH’^+CH, c CH, 

CH, 

»obutene 


Rearrangement may also occur depending upon which 
carbon atom has the greater electron attraction or which 
can more readily dispense with a pair Whitmore postu- 
lates that any shift in the electron pair includes the atom 
or group which it holds An exchange of methyl group for 
hydrogen thus still leaves a carbon atom with an open 
sextet Dependmg on the other groups attached to the 
carbon atom, the resulting hydrocarbon formed by the loss 
of proton or stabilization may or may not be identical with 
that obtained by stabilization of the original fragment 


^■H++CH, C CH, 


Shift 


CH, C C H 
CH,H 


proton 
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(c) 


CH, C C CH,->/i-butenes 
H 


Similarly, the dehydration of normal butyl alcohol gives 
isobutene and all three «-butenes mstead of the expected 
butene- 1. while tec-butyl carbinol gives trimethylethylene 
together with small amounts of pentene-2 and wisym- 
methylethylethylenc 

Whitmore’s theory thus explains many of the unexpected 
results obtained m dehydratmg alcohols with acid Further- 
more, since m the reaction of olefines with acid catalysts 
the first step [ISl, 1932, 1934] consists in the addition of 
a hydrogen ion (proton) to the extra electron pair in the 
double bond 

H 


c c c c 


the theory can also be applied to hydration, ester forma- 
tion, and polymerization, and the positive fragment formed 
can undergo rearrangement similar to that described above 
before further reaction This can occur in three ways 
(1) loss of proton to yield possibly a new olefine, (2) com- 
bination with sulphate or hydroxyl ion to yield sulphuric 
ester or alcohol, and (3) addition to an olefine molecule to 
form another larger fragment in a manner similar to that 
in which the original reaction between proton and olefine 
occurred Upon the last reaction is based Whitmore’s 
theory of polymerization, for obviously stabilization by 
loss of a proton from the newly formed fragment yields 
a more complex olefine, a polymer Since the addition of 
posiuve fragments to olefines can occur presumably m- 
definitely under suitable circumstances, the formation of 
a whole range of polymers can be envisaged 
Little menuon is made in the literature of the behaviour 
of butene-1 although it is well known that it forms an 
important constituent of the C, fraction of cracking gases 
It appears to be shghtly less reactive than butene-2, but 
otherwise to be very similar in its properties 
Five isomeric pentenes exist, pentene-1, pentene-2, 
isopropylethylene, trimethylethylene, and «/isy/n-methyl- 
ethylethylene, all of which have been identified in the Q 
fractions of cracked distillates Like the butenes, they all 
show a marked affinity for sulphuric acid, the relative 
reacuvity and products formed being determined by the 
structural configuration and conditions of treatment 
Norris and Joubert, who made a detailed study of the re- 
activity of the pentenes towards sulphuric acid [122, 1927] 
placed them m the following order of activity (1 ) tnmethyl- 
ethylene, (2) iwsy/n-methylethylethylene, (3) pentene-2, 
(4) pentene-1, and (5) wopropylethylene Compared with 
the butenes, Davis and Schuler [42, 1930] found that 
the pentenes were far more reactive Thus the vapour 
of trimethylethylene was absorbed three or four times as 
rapidly by 80% sulphuric acid as isobutene under similar 
conditions, wlule isopropylethylethylene, the least reactive, 
was slowly absorbed by 70% aad at a rate commensurate 
with that of propylene and butene-2 
The sumlanty between trimethylethylene, unsym- methyl- 
ethylethylene and isobutene is veiy marked All are readily 
abMrbed by comparaUvely weak aad— below 60% at 
room temperature— with little or no polymerization, giving 
tertiary alcohols from which the monomenc hydrocarbon 
or Its polymendes can be obtamed by suitable achustment 
of aad concentration From none has evidence for the 
formation of a ternary alkyl-sulphunc ester been obtained 


although It IS almost certainly mtermediate m the forma- 
bon of the alcohol The addition of sulphuric aad to 
olefines— whether the product finally obUincd is a sul- 
phuric ester, alcohol, or polymer— follows Markovmkov’s 
rule, that is to say, the hydrogen goes to the unsaturated 
carbon atom richest in hydrogen Thus in the addition 
of acid to propylene, the acid radical attaches itself to the 
middle carbon atom, thereby completing a second methyl 
group so that an isopropyl derivative results 
CH CH,, 

CHJHHSO,-^- XH— HSO. 

CH/ Ch/ 

Similarly both butcne-1 and butenc-2 give the same pro- 
duct scr-butyl sulphuric acid 


''CH 

I H HSO, 


\ 


^CH 

|. T H HSO, 
/CH 


\ “'CH, 

/ yCH HSO. 

/ CH/ 

ici butyl sulphuriL acid 


A Study of all the known examples of acid addition 
reveals the fact that the acid radical never attaches itself 
to the terminal carbon atom This point was very carefully 
investigated by Brooks [29, 1934] in the case of propylene 
and pentcne-1 but in neither instance was he able to 
detect the slightest trace of the primary alcohol In olefines 
in which the ethylene linkage occupies the 2-position both 
possible compounds are formed, although the position 
closer to the end of the chain, the 2-position, is preferred 
That both the 2- and 3-derivativcs were formed was first 
observed by Michael and Hartman [115, 1906] who found 
that when hexene-2 reacted with sulphuric acid, the hydio- 
lysis products contained the two possible hexyl alcohols in 
the proportion of 77 ';i methylbutyl carbinol and 23% 
ethylpropyl carbinol 

ylCH, CH(OH) CH, (rH,),CH, 
CH,— CH-CH— (CH,),— CH,( 

bexene-2 ^CH,— CH,— CH(OH) (CH,),CH, 

Brooks also found that with pentene-2 the acid favours 
the 2-position for, while 23% of diethyl carbinol is present 
in the products of hydrolysis, there is 77 % of methylpropyl 
carbmol 

When the ethylenic linkage is even further removed from 
the end of the cham as, for example, m heptene-3, the 
evidence mdicates that while both possible compounds are 
formed (Brooks and Humphrey [30, 1918]) that m which the 
acid radical is nearer the termmal carbon atom agam pre- 
dommates With olefines, such as isobutene and trimethyl- 
ethylene, which do not form stable alkyl sulphuric aads, 
the hydration product is mainly that which would be 
expected from the addition of the acid radical to the tertiary 
carbon atom 



rCHr, /SO.Hl CH,, /OH 

[ch/^CH, J CH/ XH, 
/ LcH,/ \c.H,J CH,/^X.H, 
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It can be seen that both tnmethylethylene and unsym- 
methylethylethylene give the same alcohol Bultenov [32, 
1877] found tfiat a state of equilibrium exists between 
tnmethylethylene, dimethylethyl carbinol, and water m the 
presence of sulphuric acid 


As im^ym-methylethylethylene is also converted by dilute 
acid into the same alcohol under similar conditions, double 
bond isomerization must take place and part of the unsym- 
methylethylethylene become converted into trimcthyl- 
ethylene Furthermore, since Norris and Joubert[122. 1927] 
found that tnmethylethylene prepared by dehydrating dime- 
thylethyl carbinol invaiiably contains some unsym-methyl- 
ethylethylene, it follows that the isomerization must be 
reversible Although isomenzation of this type involving 
the shift in position of a double bond under the influence 
of sulphuric acid is probably very common amongst ali- 
phatic hydrocarbons, little mention of it is to be found in 
the literature Brooks [27] states that wopropylethylene is 
isomerized to tnmethylethylene but gives no reference That 
It does occur in the presence of certam catalysts such as 
silica or alumina at temperatures in the neighbourhood of 
500'’ C was shown by Ipatieff [70, 1903], who obtained as 
much as 80% conversion, Norris and Reuter [123, 1927] 
later found that at slightly lower temperatures such acid 
catalysts as phosphoric acid and aluminium sulphate were 
also effective Attempts, however, by the last two authors 
to bnng about isomenzation in the liquid phase were less 
successful, although they were able to demonstrate that, 
using 69% acid, a small but definite amount of dunetbyl- 
ethyl carbinol was formed from isopropylethylene This 
can only have been formed from tnmethylethylene, itself 
derived from the uopropylethylcne by isomenzation 
CH, CH,^ CH,^ /OH 

yCH— CH CH, -> >C=CH CH, -♦ X< 

CH/ CH/ CH/ C,H. 

The reactions between tnmethylethylene and unsym- 
methylethylethylene and sulphuric acid are veiy susceptible 
to change m acid concentration , with both, polymenzation 
commences at comparatively low concentrations Thus 
while tnmethylethylene is scarcely polymerized at all by 
57% acid, polymerization is stated to be complete in two 
days in the cold with 70% acid, M/uym-mcthylethylethylene 
behaves similarly 

Pentene-1 and pentene-2 resemble butene-2 and pro- 
pylene in their behaviour towards acid Both resist poly- 
merization by acid concentrations below 84%, but are 
converted by concentrated acid into polymers higher than 
the dimerides (cf Norris and Joubert [122, 1927]) With 
acids of lower concentrations, i e 75-84%, they are slowly 
absorbed to form pentane-2-sulphuric acid and methyl- 
propyl carbinol These observations have been recently 
confirmed by Campbell and Cramer [33, 1937] 

The fifth pentene, uopropylethylene, is imique in its 
behaviour m bemg only affected by acid of polymerizing 
strength when polymenzauon but little or no alcohol 
formation occurs With comparatively weak acid, 75%, 
polymerization is slow and requires 6 days for completion, 
whra the dimeride is the main product More concentrated 
acid gives only higher polymers (Noms and Joubert) 
Campbell and Cramer, however, found Impropylethylene 
to be somewhat more reactive, ^ssolving in 81 % acid at 
room temperature and. after 2 days, bemg about 75% 
polymenzed The polymer was found to contam 57% of 
he dimende. 


Relatively small amounts of acid only are required to 
brmg about polymenzation of considerable quantiUes of 
Mopropylethylene, this also bemg true of the polymeriza- 
tion of such hydrocarbons as uobutene, tnmethylethylene, 
and wny/n-methylethylethylene 
The polymerization of tnmethylethylene and unsym- 
methylethylethylene was found by Noms and Joubert to 
proceed smoothly with relatively weak acid to give a pro- 
duct consisting largely of the dimende Increase in acid 
concentration not only results in higher polymers being 
formed but the rate of polymerization is so accelerated that 
the action becomes almost explosive The dimendes from 
these hydrocarbons are colourless liquids boiling from 155 
to 160” C and possessing a pleasant odour, the trimende 
appears to be much more complex and boils over a wider 
range, 225-250“ C Whether the dimendes from trimethyl- 
ethylene and i//i,s>7n-methylethylethylene consist of the 
same mixture of hydrocarbons is unknown, although they 
closely resemble each other (vide infra) 

Recently Cramer and Campbell [33, 1937] have prepared 
a number of diamylenes by polymerization of the pentenes 
with acid and by direct dehydration of the corresponding 
alcohols (which would be expected to yield the pentenes) 
Their results are shown in the following table 


Pioperties of the Dtamvienes 




Sulphuric 


YhIJ 


Diethyl carbinol <pen- 


tcne-2) 81 

Methyl uopropyl car- 
binol, synthetic 75 

Dimethylethyl carbinol 
(tnmethylethylene) 

SyntheUc 70 

Technical 60-75 

A (0) 75 

B (b) 75 

uiuym-Methylelhyl 
ethylene 7S 

Tnmethylethylene 75 

iroPropylethylene 8 1 


29 

70 


90 

72 

57 

80 

43 

85 

26 


Bp c J?S ; 
155-173 ' 1 4303 ] 0 760 
145-170 ' 1 4346 '0 766 


152-158 

145-165 

150-163 

149-157 


I 


1 4357 , 0 771 
1 4358 I 0 770 
1 4349 I 0 767 
1 4356 1 0 769 


150- 158 I 1 4367 

151- 158 , 1 4353 
143-162 I 1 4303 


0 772 
0 769 
'0 754 


(a) Diamylene from total mixed pentenes ex-technical dimethyl- 
ethyl carbinol and activated alumma at 375° C 
(h) Diamylenes from total mixed pentenes prepared by selective 
dehydration of technical dimethylethyl carbinol 


The logical expectation that, regardless of their exact 
structure, the dimendes derived from tnmethylethylene and 
wurym-methylethylethylene would yield the more highly 
branched and centralized molecules was confirmed by the 
critical compression ratios of the decanes derived from 
the diamylenes by hydrogenation 
Comparatively little is known of the composition of the 
polymers of even the simplest hydrocarbons Until recently 
It was assumed that they were complex mixtures containing 
a large number of isomeric olefines, but the work of Or- 
mandy and Craven, Nametkin, and others has shown that 
hydrocarbons other than ole^es are formed when the 
higher acid concentrations are used Mention has already 
b^ made of Ormandy and Craven’s [124, 1927, 1928] 
identification of paraffins in the product from the reaction 
of 98 % acid upon propylene Later these authors observed 
that when pentenes reacted with a large excess of 96% acid 
the high-boilmg fraction of the msoluble layer contamed 
only paraffins, while olefines were present m the lower- 
boiling fraction These findingswereatthetime bynomeans 
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generally accepted, although, as shown by later workers, 
saturated products are definitely produced in reactions of 
this type Thus Nametkin and Abakumovskaya [1 1 8, 1 932, 
1933] first confirmed Ormandy and Craven's results when 
examining the polymerization products of ryr/ohexene, and 
again later [119, 1936] when working with aliphatic ole- 
fines Both Ormandy and Craven and Nametkin and 
Abakumovskaya observed the formation of highly un- 
saturated compounds which separated from the acid on 
dilution The reaction has been recently investigated by 
Ipatieff and Pines [76, 1936] whose observations, although 
somewhat at variance with those of Ormandy and Craven, 
confirm the formation of paraffins and of highly un- 
saturated hydrocarbons, which they idehtified as cyclic 
olefines corresponding to the formula C„Ht„_« Their con- 
clusions are summanzed as follows 

(1) Olefinic hydrocarbons treated with large amounts of 
96% sulphuric acid at 0' C yield a mixture of paraffins, 
olefines, and cyclic olefines The two latter are present in 
the fractions boiling above 250" C, while the fractions 
boiling below this temperature consist entirely of saturated 
hydrocarbons 

(2) The treatment of olehnic hydrocarbons with small 
ratios of 96°{, acid at 0° C yields products having a bi^ei 
boiling range than those treated with large quantities of 
acid The product obtained consists of a mixture of hydro- 
carbons, olefines are present in the fractions boiling ^low 
250“ C 

(3) The yield of paraffin hydrocarbons increases with 
increase in the ratio of concentrated sulphuric acid to 
olefine treated 

(4) The treatment of olefines at —35 C with large or 
small amounts of 96% acid yields liquid hydrocarbons 
havmg a higher boiling range than the product resulting 
from siimlar treatment at 0“ C 

(5) Di- and tri-uobutene when treated with concentrated 
acid yield liquid hydrocarbons of identical boiling range 

(6) The treatment of olefinic hydrocarbons like di- and 
tri'fsobutene with concentrated acid causes the cleavage of 
the chains followed by hydrogenation T ri-isobutene yields 
a fraction corresponding with octane, and di-isobutene one 
corresponding with dodecane 

(7) Cyclic olefines of the formula CbH ,„_4 occur m the 
decomposition products from the acid layer 

(8) Acid concentrations of 87, 77, and 67% do not cause 
the formation of paraffinic or cyclic hydrocarbons 

(9) Dilute acid at higher temperatures causes depoly- 
menzation 

Sulphunc acid thus appears to be capable not only 
of polymerization and depolymerization but hydrogen- 
ation coupled with dehydrogenation and cyclization as 
well No attempt has been made so far to identify the 
paraffins produced, and the mechanism of the reaction is 
exceedingly obscure 

As a general rule the mam hydrocarbon products from 
the action of sulphunc acid upon olefines are olefinic in 
nature True polymerides denved from mono-olefines pos- 
sess only one double bond m the molecule and are still, 
therefore, mono-olefines Brooks and Humphrey [29, 1918] 
pointed out that, while they are invanably more stable 
towards polymenzmg conditions, they can be induced to 
polymerize further This is well illustrated by di-foobutene 
which, although formed by polymenzation of isobutene, is 
still further polymenzed with considerable evolution of 
beat by niore concentrated aad 


Only in recent years has the development of laboratory 
distillation technique made it possible to separate poly- 
merization products into individual compounds As a 
result It has been found that complex mixtures of isomenc 
olefines are not always formed but that in certain insunces 
the number of individuals present is small Thus it has 
been shown that the dimendcs of isobutene, butcnc-2, and 
u/rsvm-methylethylethylene can be separated by careful 
fractionation In this way Whitmore and Wrenn [1 54, 193 1 ] 
succeeded in separating di-isobutenc into two isomers, 
2,4,4-trimethylpentene-l and 2,4,4-tnmethylpentene-2 Of 
these the former was present in the greater proportion 
Graphically the formation of these compounds can be 
expressed as follows 




CH, H CH, CH, CH, 

I I I 

CH— C CH, — CH.-C-CH.-C CH. 


2,4 4-trimethyIpentenc-t 
CH, CH, CH, <|H, 

-C I CH C-CH, ->. CH,-C-CH-C-CH, 

CH. H C H. 

2,4 4-tnmcthylpcnlenc-2 


The polymer derived from secondary butyl alcohol by 
the action of 75% acid under pressure at 80” C has been 
shown by Drake and Veitch Jr [45, 1935] to consist largely 
of 3,4-dimethylhexene-2 formed by a similar condensation 
of two butene-2 molecules thus 


CH,-CH CH-CH, CH,-CH-C— CH, 

11 II - 1 I 

CH,— CH CH-CH, CHr-CH, CH CH, 

3 4-dimcthylhcxenc 2 


Khne and Drake found that the dimeride of un\ym- 
methylethylethylene formed by the action of 75 % sulphuric 
acid upon methylisupropyl carbinol at 80" C consisted 
of two isomers, 3,4,5,5-tetramethylhexene-2 and 3,5,5 
trimcthylheptene-2 [86, 1934] 


CH.. 

>CH. CH,. 

CH/ >CHOH-v >C 1 
CH/ CH/ 


CH,' 
luipropyl carbinol 


l.CH, CH, CH, CH, 

CH, CH-C— CH— C— CH, CH, CH--C— CH,— C— CH, CH, 
CH, 

3,5.5-triraethylheptene-2 


:H-y- 
CH, 

3,4.S,5-trimethylhexene-Z 


Several theones have been put forward to explain the 
formaUon of these isomendes, but so far none completely 
covers all the facts Klme and Drake deduce from the 
theory, which they have suggested to explain the formation 
of dimendes from methyl/sopropyl carbinol that, although 
2,28 1 isomers correspondmg with tn-lsobutene can theoreti- 
caUy exist, only four of these are probable 
Other than Drake and Veitch Jr 's work upon the dime- 
nde of butene-2, little is known of the consbtubon of the 
polymers denved from the straight-cham olefines If poly- 
merization with phosphonc aod can be regarded as stnctfy 
analogous to the action of sulphunc acid— a not unreason- 
able assumption— Ipatiev’s work (ytde ittfra) indicates 
that polymers must consist entirely of biai)ched''diam 
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olefines Whether the addition of one olefine to another 
follows the same general rule as alcohol formation, that is 
to say coupling occurs at the /3-carbon atom 
or Its equivalent, is not known The work 
of Ormandy and Craven on propylene (q v ) _c=c— CH. 

appears to indicate that the polymerization ’ll 
products of the normal olefines are far more C H, CH j 

complex than the more readily formed and 
comparatively simple dimendes of imbutene 
and butene- 2 , probably because more con- 
centrated acid IS necessary to effect reaction 

When more than one olefine is present 
the problem of polymerization is compli- 
cated by the possibility of dissimilar olefines 
combming to form condensation products 
which in their general properties and be- 
haviour closely resemble true polymerides 
Recently Birch, Pim, and Tait [18, 1936] 
have shown that by the action of sulphuric 
acid upon mixtures of two easily dehydrated 
alcohols, besides the expected polymerides, 
hydrocarbons arc formed derived from both 
Thus a mixture of tertiary butyl alcohol 
and tertiaiy amyl alcohol yields besides the normal poly- 
merization products, di-iKibutene and diamyicne, ‘uo- 
nonene’ corresponding with the combination of one 
molecule of irobutene with one of trimethylethylcnc Simi- 
larly, tertiary and secondary butyl alcohols heated with acid 
in equimolecular proportions yield, as well as the normal 
polymers, /so-octene derived from i.sobutene and butene -2 
Such products resemble normal ‘polymers’ in consisting of 
mixtures of individual olefines and boiling over a wide 
range A careful examination of the product from the 
action of sulphuric acid on a mixture of secondary and 
tertiary alcohol has been shown by Whitmore, Laughlin, 
Matuszeski, Crooks, Jr , and Flemmg [152, 1936]tocontam 
butenes, di-sec-butyl ether, and di- and tri-meric butenes 
with higher polymers The chief dimeric butenes were the 
two di-imbutenes (2 2,4-tnmcthylpcntenes-l and -2) with 
2,2,3-trimethylpentene-3 and 2,3,4-frimethylpentenc-2 m 
the approximate ratio 50 35 15 The last compound is 
due to a new type of arrangement involving as a final a 
1 3 shift of a methyl group 

Of the sixteen possible hexenes only four appear to 
have been investigated Brooks and Humphrey found that 
hexene-l reacts with 85% acid at 0° C to give rec-hexyl- 
sulphuric acid without any polymer formation at all 
Under similar conditions tetramethylethylene polymenzes 
chiefly to the dimende boiling-pomt 180 to 200° C, but 
the banum salt of the alkyl sulphuric acid and a small 
quantity of the alcohol were also isolated The isolation of 
the barium salt is of interest, for the free acid must be the 
tertiary derivative which in the case of the C 4 and hydro- 
carbons are too unstable to exist It is therefore hardly 
surpnsing that the barium salt proved to be less stable than 
similar salts derived from secondary alcohols The observa- 
tions of Bacon [2, 1929] are of mterest in this connexion, 
for while investigating the composition of aad-sludge from 
light oils he found mdications of the presence of tertiary 
alkyl sulphuric acids He also observed that the higher 
alkyl sulphunc acids were surpnsmgly resistant to hydro- 
lysis More recently Whitmore and Meumer [153, 1936] 
have exanuned the polymerization of tetramethylethylene 
with 80% aad at 0-20° C for 6 hours The polymer on 
fractionation gave a yield of mixed dimers boiling between 
151 and 178 5° C. at 741 mm equivalent to 45% The 

in G 


dimers identified (by ozonolysis) with the percentage of 
each in the total dimer were as follows 


80%H,SO. 

0-20“ C 
6 hours 


CH, 

- CHr-C— C-C — CH-CH, 
CH, CH,CH, CH, 


-CH, 



CH, 

:=C— CHr- C— CH, 


61 7% 


26 6% 


CH, 

I 


CH, 


..-CH,-C=C-C 
CH, CH,CH, 


8 9% 



013% 


Another hexene, 2-methylpentene-l, on treatment with 
85 “i acid at 10° C gave a tertiary alcohol, presumably 
dimcthyl-n-propyl carbinol The remainmg hexene was 
that derived from mannitol, hexene-2, which Michael and 
Hartman [115, 1906] observed gave both possible alkyl 
sulphunc acids, no menUon is made of polymerization 
products, from which it appears that the behaviour of 
hexene-l and hexene -2 is very similar 
Very few of the higher olefines have been examined, and 
such information as is available is largely due to the work 
of Brooks and Humphrey Their results are summarized 
m the following table 


Olefine 

Acid 

comentration 

% 


Htptene-3 

85 

15 

3-Ethylpcntenc-2 

95 

0 

5-Mcthylhcxcnc-l 

85 


Octcnc-2 

85 

20 

5-Methylheptene-l 

85 

15 

2-Methylundecene-2 

85 

20 


Products 
Alcohol only 
Mainly alcohol, 
10% dimer 
Considerable pro- 
portion of dimer 
Mainly polymer 
Mainly polymer, 
50% dimer 
Almost enbrely 


The tendency towards polymerization with increasing 
molecular weight is very apparent, the higher olefines givmg 
almost entirely polymers Michael and Brunei [1 14, 1909], 
observed that the resistance to acid also increases with 
molecular weight, the straight-chain hydrocarbons being 
more resistant than those havmg a highly branched 
configuration 

A recent patent (US Pat 2,027,896, 4 Nov 1929) claims 
that the formation of dialkyl sulphates from the higher 
molecular weight olefines can be readily accomplished at 
0° C with the use of mild sulphating agents. This would 
tend to mdicate that the higher alkyl sulphates are more 
stable than is generally supposed 


Cydic Olefines. 

Comparatively little is known of the effect of acid upon 
cyclic olefines The reaction appears to be complicated by 
ttie formation of saturated or less unsaturated hydro- 
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carbons than those expected, possibly formed in a reaction 
similar to that observed by Ormandy and Craven with 
propylene The effect of acid upon the simplest cyclic 
ole^e, cyc/ohexene, was investigated by Nametkin and 
Abakumovskdja [118, 1932, 1933] who treated it with 96";, 
acid at 2 to S° C and obtained an oil equivalent to a 37°„ 
yield On fractionation three hydrocarbons C,,Ha, CigHj,, 
and CmHjo were obtained, of these the first was fully satu- 
rated, while the others contained one ethylene linkage 
Kishner [84, 1908] also observed this tendency to form 
saturated compounds in l-methyl-A'-fvc/ohexene which 
gave, amongst other products, methylrvc/ohcxanc Brooks 
and Humphrey also examined the effect of acid on 1- 
methyl-A'-ryf/ohexene but as they employed much weaker 
acid, namely 85%, at 0" C they obtained only the dimendc 
with some of the corresponding tertiary alcohol, 1-methyl- 
1-cyc/ohexanol Mark [103, 1904] showed that the isomeric 
methyl-A’-cyc/ohexene behaved similarly with 50% acid, 
giving the dimeride I 


CH CH, CH CHj CH CH. 



1 11 


mined Some light on the reaction between conjugated 
diolefines and acid has been furnished by Wagner-Jauregg 
[149, 1932], who showed that /suprene and acetic acid react 
in the presence of sulphuric acid to form geranyl acetate 
and a dicyclic hydrocarbon of the caryophellene type The 
formation of geranyl acetate indicates that under the in- 
fluence of the acid two or more uoprene molecules are 
capable of Imking together to give an open cham from 
which cyclic hydrocarbons are formed by ring closure 
Farmer and Bacon (private communication [54]) have found 
that under similar conditions 2,3-dimethylbutadiene gives 
a mixture of cyclic polymers from which the di- and 
tri-merides have been isolated and indications of the 
presence of a tetrameride obtained 
The structure of the cyclic polymerides formed in these 
reactions is by no means easy to elucidate it is interesting 
to note that although the formation of a six-membered ring 
structure appears certain, Bergman [8, 1935] has shown 
that the dimeride formed by the action of heat on a- 
phenylbutadiene contains a five-membered ring 
The only non-conjugated diolefine examined is diallyl, 
hexadienc-1,5 Pogor/helsky [128, 1898] lound that on 
treatment with 70"„ acid, this hydrocarbon was converted 
into the anhydride of hexane-2,5-diol The mechanism of 
the reaction is presumably 


and the alcohol II 

No mention is to be found in the literature of the be- 
haviour with acid of other naphthenes containing ethylene 
linkages in the ring or in the side chain Whether or 
not cyr/opentene derivatives are to be found in cracked 
distillates is a moot point, for although ryo/opcntanc itself 
can be dehydrogenated, under the influence of heat the ring 
is ruptured and straight olefines formed 

Aromatic Olefines. 

The only hydrocarbons falling under this heading which 
have been examined are styrene and indene, both of which 
have been identified in the pyrolysis products from natural 
gas (Birch and Hague [12, 1934]) Brooks and Humphrey 
found that styrene reacts energetically with 85% acid at 
0“C to form hard resins (loc cit) With concentrated acid 
the reaction is explosive Indene is stated to form para- 
indene with dilute sulphuric acid 

Aliphatic Diolefines. 

Since the conjugated diolefines are now known to be 
largely responsible for gum-formation, it at first appears 
somewhat surprising that so little is known of the chemistry 
of the process which is largely directed towards their 
destruction The very reactivity to which is due their gum- 
forming properties renders it possible to attack them under 
such conditions that most other hydrocarbons remain 
unattacked 

Practically nothing is known of the reactions which take 
place between conjugated diolefines and sulphuric acid, 
although several investigators are to-day engaged upon the 
problem The action with concentrated acid is extremely 
vigorous, tars are formed and considerable reduction of the 
acid takes place With less concentrated acid the products 
are very complex and appear to be determined to some 
extent by the acid concentration The simplest conjugated 
diolefine, butadiene, is unexpectedly resistant, Dobiyanski 
[44, 1925] statmg that it is absorbed by 83% acid about 
as rapidly as propylene or by 61 % acid as rapidly as the 
normal butenes So far the products have not bera deter- 


CH, 

/ 

CHOH 


CH. O 

N / 

CH -CH 


The strong tendency for the formation of the 5-membered 
ring which is so prevalent throughout organic chemistry is 
responsible for the ring closure 


Cyclic Diolefines. 

The only cyclic diolefines which appear to have been 
examined are cyt /upentadicne and A' “-cyc/ohexadiene Of 
these the first is invariably present in the products obtained 
by the pyrogenic decomposition of hydrocarbons, particu- 
larly in vapour-phase cracked distillates, pyrolysis benzole 
and the forerunnings from coal-tar benzole, the presence of 
A’ ’’-cyclohexadiene in these products is only suspected and 
has not been proved 

Both hydrocarbons are extremely reactive They are 
particularly prone to autoxidation and peroxide formation 
and are consequently very effective polymerization cata- 
lysts Not only does the peroxide formed catalyse the 
polymerization of the parent hydrocarbons and other 
diolefines, but of otherwise relatively stable hydrocarbons 
as well Both ryc/opentadiene and ryc/ohcxadiene react 
explosively with concentrated sulphuric acid forming tars, 
much sulphur dioxide and water More dilute acids give 
high molecular weight resins 

Summarizing, the action of sulphuric acid upon un- 
saturated hydrocarbons is as follows 

(1) All the lower molecular vreight olefines so far exa- 
imn^ react with sulphuric acid 

(2) The effect is influenced not only by the structure of 
the hydrocarbons but by such conditions as acid concentra- 
tion, temperature, and time of contact 

(3) The reacbvity of the ahphatic olefines mcreases with 
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molecular weight, reaching a maximum with the pentenes 
and hexenes 

(4) The reaction is complex sulphation, hydration, 
condensation, polymerization, depolymerization, hydro- 
genation, dehydrogenation, and cyclization all occur de- 
pending upon the olefine and the conditions 

(5) Higher acid concentrations tend to bring about poly- 
merization, the higher the concentration the more complex 
being the products Lower concentrations give sulphation 
products or alcohols, unpropylethylene being exceptional 
in this respect 

(6) Hydrocarbons in which two radicals are attached to 
an unsaturated carbon atom are generally more reactive 
than isomeric olefines not containing this grouping The 
lower olefines of this type do not form stable alkyl sul- 
phuric acids 

(7) No general rules concerning polymerization have 
been formulated completely fitting the facts 

(8) The properties of the polymerization products vary 
with the parent hydrocarbon As a general rule they are 
olcfinic in nature- -saturated by-products when present are 
probably due to side-reactions— and are more resistant to 
the action of acid and other reagents than the original 
hydrocarbon 

(9) All the simple olefines dissolve (or polymerize) in acid 
without the formation of tars The latter arc formed from 
conjugated diolefincs or unsaturated aromatic hydro- 
carbons 

(10) Practically nothing is known of the chemical 
reactions involved in the action ot acid upon conjugated 
diolefincs 

ITic Acid Treatment of Cracked Distillates 

From the foregoing review of the action of sulphunc 
acid upon hydrocarbons, it is clear that the reactions in- 
volved in the acid treatment of cracked distillates are many 
and varied and are rendered even more so by the presence 
of non-hydrocarbon constituents The final effect of the 
treatment must therefore consist of the combined results 
of all these reactions To what extent these reactions inter- 
fere with each other is obviously unknown, all that can be 
safely stated is that the diluents resulting from the vanous 
chemical and physical processes have a very important 
bearing upon the action, for by diluting the acid they 
render its action less drastic and so help to confine it to the 
desired limits It is in fact largely owing to the modifying 
effect of the diluents that the acid treatment of many cracked 
products, particularly the more highly unsaturated ones, is 
possible The diluents arc to a considerable extent respon- 
sible for the excellent contact normally obtained 

The function of the acid is to produce a product free 
from gum and reasonably free from gum-forming consti- 
tuents At the same time reduction m sulphur or nitrogen 
content and improvement m colour and odour may be 
desired, although to-day the two latter qualities are 
regarded less seriously Normally cracked distillates con- 
tain besides non-volatile bodies which on evaporation are 
left as resms, certain volatile substances capable of con- 
version mto resins under the conditions of the gum test 
Unlike the existent gum these substances are not left bchmd 
on distillation, but are to be found in the distillate, where 
they eventually become converted into resins On treat- 
ment with sulphunc aad these bodies are converted into 
non-volatile gummy substances which remam behmd on 
distillation This, then, is the mam function of the aad 
It should be noted, however, that the acid is capable of 


converting olefines which normally do not give gum also 
into non-volatile gum-like substances Thus Cassar [37, 
1931] treated solutions of various pure olefines in straight 
gasoline with concentrated acid under more or less normal 
treating conditions and examined the products His results 
are tabulated below 


OUJine 

Solution 20“ „ 
Pentene-2 
1 nmithylethylcnc 
Diamylcne 
Di-<>»butcne 
cvf/oHexene 
Stynne 


I 


Oum formation 
mg per 100 cc 

After and I After acid and redist 


148 

2 


1,039 ' 5 

14,786 , 2 


While the result obtained from pentene-2 appears 
abnormal, it can be seen that even comparatively stable 
olefines form bodies capable of gum-formation on acid 
treatment There seems little doubt that these substances 
are actually high-boilmg or, in the case of styrene, non- 
volatile polymers The results emphasize the necessity for 
the subsequent rcdistillation In the course of this work 
Cassar showed that olefines in contact with sulphur 
dioxide formed gum, which he assumed to be due to its 
oxidation to sulphur trioxidc by traces of peroxides present, 
since when the latter were removed no gum was formed 

The complexity of cracked distillates renders impossible 
the control of the numerous reactions involved on any but 
the broadest lines While theoretically it is desirable to 
limit the action of the acid completely to the reactive un- 
stable constituents, this is obviously impossible on account 
of the wide range ot reactivity possessed by the vanous 
hydrocarbons present Fortunately the most unstable 
hydrocarbons arc extremely reactive towards such reagents 
as acid, so that it is possible by choosing conditions to 
achieve a reasonably successful removal of the undesirable 
constituents Treatment conditions which may be varied 
include amount of acid and the concentration, time of 
contact, temperature, and the unsaturated hydrocarbon 
content of the product itself The last can sometimes be 
conveniently reduced by blending with straight or cracked 
material produced by some less drastic cracking process, 
and this occasionally proves a useful way of overcommg 
excessive losses, for example in the treatment of such pro- 
ducts as polymer gasolines 

In practice the most important factors in treatmg a 
cracked distillate are the acid concentration and amount 
employed, these are necessarily closely related, for the 
cffeaive treating concentration is largely determined by the 
dilution due to the reaction products For this reason 
the concentration is to a large measure outside the chemists’ 
control, for shortly — ^if not immediately depending upon the 
thoroughness of the agitation — after the fresh acid enters 
the treater, it becomes diluted with sulphur bodies, traces 
of water— cracked distillates are rarely dry unless specially 
dned — ^phenols, sulphunc esters, alcohols, polymers, and 
tar, while nitrogen bases when present reduce the concen- 
tration by direct neutralization In continuous operation. 
It IS the sludge already formed which acts as the diluent 
In any case, reaction products rapidly dilute the aad until 
a more or less defimte concentration is reached when 
further change occurs only slowly As the most reactive 
hydrocarbons are the first to be affected it follows that m 
i»tch operation the hydrocarbons remaining unaffected 
become mcreasmgly resistant to the action of the acid, at 
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the same tune owmg to the increasuig dilution, the acid 
Itself becomes less effective, eventually becoming mcapable 
of further reactioh with the hydrocarbons present It must 
not, however, be thought that at this stage the acid is quite 
incapable of further reaction, for place it in contact with 
more reactive hydrocarbons and it will again react In 
counter-current continuous treatment advantage is taken 
of this to bring the raw distillate containing the most 
reactive hydrocarbons into conUct with the least reactive 
acid, and then gradually to increase the strength of the 
acid until the necessary degree of refining has been effected 
In this way heat evolution is less rapid and is spread over 
a longer penod of time, with the result that the reaction 
can be more carefully controlled 
Although at one time the use of oleum for cracked distil- 
late was not uncommon, the use of the concentrated acid 
for these products is to-day becoming increasingly rare So 
vigorous is the action when concentrated acid is added to 
highly unsaturated, particularly vapour-phase cracked 
disbllates, that the reaction is almost explosive and 
polymerization excessive Considerable oxidation, as evi- 
denced by sulphur dioxide formation, also takes place 
That uncontrolled heat evolution is responsible is proved 
by the ease with which the same operation can be success- 
fully earned out at 20° F , when the reaction proceeds 
smoothly and losses from tar formation, polymerization, 
and loss of volatile material are largely avoided Indeed, 
concentrated acid can only be safely employed— if loss in 
yield and octane rating are to be avoided — ^under such 
conditions that dilution with acid sludge rapidly occurs or 
too rapid reaction and evolution of heat, e g by operating 
at relatively low temperatures or employing only brief 
tunes of contact arc precluded 
To-day the tendency is defimtely away from the higher 
acid concentrations, and it is customary to employ the 
lowest concentrauon capable of ensuring a reasonably 
stable product— with the use of inhibitors if necessary 
Although acid concentrations as low as 80% have been 
advocated, usually concentrations nearer 90% arc em- 
ployed As diluent, water is invariably used, but some 
others such as phosphonc acid, benzene-sulphonic acid 
and so on are mentioned in the patent Uterature Phosphoric 
acid m parUcular is clauned as a parUcularly valuable 
diluent, treatment, it is stated, proceeds smoothly, and the 
sludge IS hght in colour and easy to recover While such 
diluents possibly possess the advantage over water that the 
solvent acUon of the acid is less unpaired (this probably 
applying equally well to its sweetemng action), it is doubtful 
whether m view of the increased cost they are ever likely 
to replace water excepting for special products 
Acid treatment is most effectively applied as a continuous 
counter-current process Apart from the advantages already 
mentioned, that is to say, more gradually regulated reaction 
and consequently heat evolution, this form of treatment 
enables the most economical use to be obtamed from the 
aad Even in batch operation considerable economies can 
be effected if the acid instead of being applied as one large 
wash, is given in two or three smaller ones The use of 
‘spent’ sludge from a previous batch for the preluninary 
treatment of the raw distillate is particularly advantageous 
as It not only dehydrates but at the same tune defimtely 
effects a measure of refimng In other words, batch treat- 
ment is most effectively apphed in the form of a rudi- 
mentary counter-current process So effective is contmuous 
counter-current treatment that it enables extremely reactive 
distillates which otherwise are only refined with difiSculty, 


to be processed with comparative ease While the form of 
equipment used does not concern us here, mention must 
be made of the Holley-Mott type of treating plant owmg to 
Its special features The plant consists of a number of 
pairs of treaters or ‘pots’, one, the agitator, bemg equipped 
with an eflScient paddle stirrer, while the other acts as 
separator To ensure good mixing, approximately equal 
volumes of acid and disullate are employed in the plant, but 
the acid moves forward extremely slowly compared with 
hydrocarbon As the first acid, equivalent to 0 2 to 0 5% 
of the distillate, entering the final agitator is at once diluted 
by the large volume of sludge present, it is possible to add 
concentrated acid even when treating highly unsaturated 
products Treatment is in fact earned out by acid sludge 
and only sufficient fresh acid is added to maintam the 
free acid concentration sufficiently high to give a satisfac- 
tory product in the time it takes to pass through the plant 
In other forms of continuous counter-current plants, the 
pnnciple is the same but, as less sludge is present, diluUon 
is less rapid, and the addition of acid of a lower concentra- 
tion IS consequently desirable 

The composition of acid sludge is very indefimtc It con- 
sists of a complex mixture of acid, water, sulphur dioxide— 
depending upon the extent to which oxidation has occurred 
— alcohols, phenols, nitrogen bases (as salts), sulphation, 
and sulphonation products together with hydrocarbons, 
sulphur compounds, and tarry bodies present in physical 
solution (cf Birch and Norris [15, 1926]) No very exact 
analysis is possible, but by dilution with chloroform or 
some similar solvent, it is possible to get an approximate 
estimate of the free and partly combined acid Using such 
a method, W H Thomas (private communication [141]) 
examuied acid sludge from the various stages of an experi- 
mental continuous counter-current plant of the Holley- 
Mott type refining a vapour-phase cracked material and 
found that the free acid content remained surprisingly 
constant at 30-32% in each stage The acid/water ratio 
also tended to remam constant at approximately 83-6 y,, 
It would appear probable from Thomas’s results that some 
form of equilibrium sunilar to that suggested by Damiens 
[40, 1922, 1923] for the ethylene-sulphuric acid system also 
exists in acid sludge between the acid, dialkyl sulphates, and 
alkyl sulphuric acids 

Acid sludge IS in fact an excellent diluent ConsisUng 
as it does largely of non-hydroxylic substances, it reduces 
the free acid concentration without materially changing its 
action It IS not essential that the sludge should be derived 
from the product being treated, for ‘spent’ sludge obtained 
in the treatment of other li^t distillates is frequently 
equally effective Thus sludge from the treatment (usually 
with funung acid) of kerosme or special naphtha cuts can 
be satisfactorily employed, although as such sludges will 
contain both sulphur compounds and hydrocarbons in 
solution these will tend to pass into the cracked distillate, 
so affecting its sulphur content, octane rating and'dry-point 
The last, and to a large extent the former, can be recUfied m 
the redistillation which follows Whether it is necessary or 
not to add any fresh acid to such spentsludges dependsupon 
Its free acid content Usually this is high enough without 
fresh addition The substances, e g sulphur bodies and 
hydrocarbons held in physical solution m aad tar should 
be m equihbnum with those present m the hydrocarbon 
layer itself iwovided that contact has been maintamed 
sufficiently long 

The aaual quantity of aad employed vanes very con- 
siderably with the aackmg-stock and the degree of refimng 
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required The extremely heavy treatments used m the early 
days of cracking to-day seem impossible, and it is not sur- 
prismg that losses were so high, indeed it is surprising that 
any unsaturated material remained In spite of the large 
amounts of sludge present in continuous counter-current 
plants, particularly in the Hollcy-Mott type, the actual 
acid consumption is very low, amounting to 0 2 to 0 5 "i 
of 96% acid 

Desulphurization of cracked distillates cannot be so 
effectively accomplished as with straight material, and the 
employment of the relatively low concentrations of acid 
favoured to-day has a definitely adverse effect upon the 
selective solvent tendencies for these compounds Certainly 
attempts by the author to desulphurize cracked distillates 
to a low sulphur figure proved unsuccessful 

The remainmg factors influencing acid treatment do not 
appear to have received very much consideration Certainly 
little attention has been paid to temperature, although 
Halloran [63, 1931] has described the treatment of cracked 
distillates at comparatively low temperatures He points 
out that under normal treating conditions, temperature 
rises as high as 154 to 166° F occur which cause heavy 
losses through excessive reaction By operating at 20" F 
Halloran claims (a) an increased yield (about 39%) of 
finished product with lower treating losses, (b) lower acid 
consumption— about 50 , (i) decreased caustic soda con- 
sumption in subsequent neutralizing wash, (</) the sludge 
IS more easily recovered, being cleaner, and (e) the chemical 
consumption for sweetening is less At the temperature 
employed the operation proceeds so smoothly that Halloran 
recommends the use of 98 % acid In spite of the advantages 
claimed for it, the process docs not appear to have found 
general favour probably owing to the special plant requu'cd 

Reduction in the time of contact has also been advocated 
in order to reduce unnecessary polymerization while at the 
same time giving a satisfactory product The operation is 
carried out by feeding the distillate and acid continuously 
into some form of mixer such as a centrifugal pump and 
then immediately separating the acid in a centrifuge In 
this way the Ume of contact is reduced to a few seconds, 
and It IS stated to give very satisfactory results After a 
clay treatment, a finished product is obtained, which it is 
claimed satisfies the necessary requirements for stability. 


and so on This method of operation does not appear to 
have received much consideration Instead of r^ucing 
contact time to such extremes, it is frequently quite con- 
siderably prolonged — as in the Holley-Mott treating plant 
— but under such conditions that reaction only takes place 
extremely slowly 

The Effect of Acid Treatment upon the Distillate. 

In the early days of acid treatment, the increase m gravity 
and change in boiling-rangc, which invariably occurred, 
was assumed to be due to loss of volatile matter Later, 
Brooks and Humphrey showed that such losses were not 
of sufficient magnitude to account for these changes, which 
were actually due to polymerization 

While a small amount of the polymerization products 
remain in the acid layer, by far the greater part passes back 
into the hydrocarbon layer An examination of the physical 
properties of the hydrocarbons and the derived polymers 
given in the following table will show the large change 
which takes place in these properties on polymerization 
It 1$ very obvious that changes of this nature occurring in a 
cracked distillate are bound to make themselves noticed 
in the final product 

The shift in boiling-range which must take place when 
olefines, themselves boiling over a range as wide as that 
embraced by a normal cracked distillate, are polymerized 
results in a considerable part of the treated material falling 
well outside the range of the original material In prac- 
tice the necessary correction is obtained by redistillauon, 
although the cutting of the raw distillate at a temperature 
sufficiently low to bring the final product within the desired 
boiling-range after treatment has been tried As, however, 
during rerunning objectionable compounds, i e dialkyl sul- 
phates, gum, &c , are also removed, it is usual, if distillauon 
IS omitted, to employ an adsorptive earth for a finishing 
treatment It is doubtful whether this method of operation 
IS very successful as acid followed by rerunning probably 
gives a somewhat higher yield of finished product 

From the table on p 1754 of boiling-points quoted by 
Egloff [48, 1934] It can be seen that although dimendes 
resulting from the polymerization of olefines containing 
more than 5 or 6 carbon atoms (or trunendcs from those 
containing more than 4) will tend to fall outside the range 


Properties of Hydrocarbons and Derived Polymers 


Hydrocarbon 


uuButene* 

uoPropylcthylcnef 

Tnmethylethylenet 

2-Methylpentene-2S 

2-Methylpentene-3 11 

iroHeptene-111 

2-Ethylpentene-2t 

Tetramethylethylcnell 

Octenc-lH 

uoOctene-If 


2-Methylundeccne-211 


l-Methyl-J'-cy/ohexeneT 


Petroleum hexene mixture^ 



Physical Properties 


Monomrride 

Dimeride 

Tnmende 

68 

101-4 dil'O 720 

178 5-179 5 d’S’ 0 760 

20 d'/ 0 6320 

153-8 

38 4 d\' 0 6671 

' 154-6 d’S’ 0 7715 

245-8 d* 0 8139 

65-7 d«0687 

1 193-7 d“0 786 


69 5-71 d“ 698 

196-9 d>'0 798 1 


85-86 d5J 0 716 

220-4 d}J 0 7933 1 


97-8 

1 210-20 sp gr 0 793 ' 


73-4 dJS 0 7075 

1 175-80 dill 0 7750 | 

1 

122-4 sp gr 0 724 

195-230 

1 

111-12 4^0 7125 

, 112-14/16 mm sp gr 

0 798 


210-211 5'752mm 4^0 759 

{ 230-4/28 mm sp gr 
' 0 814 


105-6 diS0 820 

1 255-60 d*,“0 906 

Higher 

Over 200 sp gr 0 836 

55-63 sp gr 0 7045 

, 190-200 sp gr 0 784 


* Lebedev and Koblianski t95, IMO] t Norris and Joubert [122, 1927] J Norris and Reuter [123, 1927] 

fi Jawien [78. 1879] H Brooks and Humphrey [3(k 1918] 
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of the finished gasoline, a considerable number of polymer* 
will still be included (This is of course a very approximate 


Hexene i Dimer of propylene 68 1 

Octene ' Dimer of butene 121 9 

Decene Dimer of pentenc 161 7 

Dodecene Dimer of hexene 213 9 

generalization for the more branched olefines give poly- 
merides boihng over a range considerably lower than those 
derived from the normal isomers, c g lyobutcnc gives a 
dimeride boiling-point 101 to 104° C and a tnmeride 
boiling-point 175 to 180° C) Cutting the acid-treated 
matenal to the original hnal boiling-point will therefore 
give a product not only higher m gravity but with a slightly 
different distillation curve mdicating a gain in higher 
boilmg constituents at the expense of the lower The 
magnitude of these changes will naturally be determined 
by the extent to which polymerization has proceeded, so 
that, if this could be entirely conhned to the conjugated 
diolehnes usually present only in small amounts, it would 
probably be hardly noticeable Such changes in gravity and 
volatihty are, however, readily remedied when desired by 
slight modification of distillation conditions or the addi- 
tion of butane A very much more important point is the 
change m octane rating which the polymerization involves, 
for to-day gasolines are sold, other things being equal, on 
their anti-detonating qualities 
The knock-rating of a cracked distillate can be affected 
in several ways by the acid treatment (a) The aromatic 
hydrocarbon content may be reduced by sulphonation or 
physical solution in the acid sludge (/>) Conjugated diole- 
fines, both aliphatic and cyclic, are converted into tars 
(c) Olehnes are polymerized They may also be isomenzed, 
form condensation products with aromatic hydrocarbons, 
or become sulphated Conjugated diolefines normally 
possess high octane ratings 

The extent to which these reactions occur will naturally 
be determined by the conditions of treatment, but in every 
case the tendency will be to bring about a fall in the octane 
ratmg, this is, however, under normal conditions when the 
polymerization of olehnes is reduced to a minimum, largely 
recovered on redistillation 

Ordinarily the removal of aromatic hydrocarbons is so 
slight that any resulting drop in octane rating is negligible 
The destrucUon of the conjugated olefines with their high 
octane blending values would at first appear a serious loss, 
but apart from the fact that their removal is very much 
an essential part of the treatment, the amounts in which 
they are present, even in a vapour-phase cracked distillate, 
appear to be so small that it is doubtful whether their 
removal causes more than a slight fall 
The main cause of the drop in octane rating is un- 
doubtedly due to polymerization of olefines, this may act 
m several ways to reduce the anti-detonating quality of the 
product For example, the polymerides generally possess a 
lower octane rating than the parent hydrocarbon from 
which they are derived Should they possess relatively high 
octane numbers they may still be left in the residue on 
account of their high boiling-points, as the saturated hydro- 
carbons are for most practical purposes unaffected the 
acid under the conditions employed this will result in an 
increase in the saturated at the expense of the unsaturated 
hydrocarbon content 

To what extent the more reactive olefines are associated 


with the diolefines in being responsible for gum-formation 
IS uncertain (cf Cassar [37, 1931]) It is of course well 
known that such olefines as styrene readily polymerize and 
would therefore be removed on acid treatment with the 
conjugated diolefines, but whether many such abnormally 
reactive olefines are present in normal cracked distillates is 
doubtful Judging from the relatively small loss claimed for 
the Lachman process using zinc chloride m producing a 
stable gasoline, it would appear that the proportion of 
gum-forming hydrocarbons present is small However, in 
ordinary acid treatment it is not possible to limit the action 
of the acid solely to the undesirable constituents and some 
of the more valuable hydrocarbons must become poly- 
merized We have seen that as a general rule the higher 
olefines are more resistant to acid polymerization than 
the lower members As these, excepting the more highly 
branched heavier olefines, possess the higher octane 
ratings, it follows that the very olefines it is desirable to 
conserve are those most susceptible to polymerization 

As mentioned above, comparatively little is known of the 
polymenzation products of even the simplest olehnes In 
general, they appear to be extremely complex mixtures 
containing saturated as well as unsaturated components, 
the latter, if Ormandy and Craven's conclusions arc oirrect, 
not being limited to mono-olelines, but containing also 
more highly unsaturated bodies The anti-knock value of 
such a mixture is generally very much below that of the 
parent olefine, particularly when paraffins occur in the 
products Polymenzation products of this type appear 
to be formed from the lower normal olehnes which only 
yield polymers under rather drastic conditions, i c high 
acid concentrations, cyc/ohexenc and its derivatives be- 
have similarly and also give a mixture of saturated and 
unsaturated products Under the less drastic conditions 
required by the more easily polymerized olefines, deep- 
seated reactions probably do not take place— at least not 
to any appreciable extent — and the polymers consist en- 
tirely of mono-olehnes 

What IS likely to be the result on the octane rating of the 
conversion of low-boiling uo-olefincs into comparatively 
high boiling polymers’ Obviously this is entirely deter- 
mined by the structure of the latter 

While It IS not m the purview of the present article to dis- 
cuss the relationship between anti-dctonating properties 
and the constitution of hydrocarbons, it may be stated as 
a general rule that the octane rating is determined by the 
length of the longest saturated chain The larger the chain 
the lower the rating and vice versa Anything therefore 
which affects the chain, such as rearrangement, alteration 
in position of the double bond, or ring fo'tnation must 
influence the anti-knock value 

Although at present there seems no reason why all 
possible combinations should not take place during poly- 
merizauon, actually certam definite laws appear to exist 
So far, however, no rules have been formulated to fit all the 
facts at present available While heat and drastic acid poly- 
merization conditions lead to deep-seated changes involving 
ring and paraffin formation, mild acid polymerization 
normally results in branched-chain formation, for example, 


CH, 

> 

CH, 


CH, 


CH 


CH, 

\ 

R 


CH, CH, 

V / 


C-CH 


/ \ 

CH, CH, 


R R 


(cf Drake and Coliaboratora [86, 1934, 45. 1935], also 
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Ipatiev and others [71, 1935, 74, 1935] on catalytic poly- 
merization with phosphoric acid ) Whether the new hydro- 
carbon has a high or low octane number will be determined 
by the length of its carbon chain and the groups attached 
to It Hydrocarbons of this type derived from the lower 
olefines,! c propylene and butylene, ha vetomparativciy high 
octane ratings falling off rapidly with increasing length of the 
chain in the group R 

The polymerides of isobutene furnish good examples of 
compact hydrocarbons which in consequence have excellent 
anti-knock values It is particularly interesting to note that 
in spite of being a mixture of dodecencs, tri-/iobutenc has 
practically the same octane rating as di-/ wbutene, a mixture 
of octenes So valuable in fact, are di-/tobutene’ and 
‘tri-/jobutcnc’ on account of these qualities that they are 
now being produced technically from cracking gases rich 
in Isobutene by acid polymerization for use alone or after 
hydrogenation in aviation gasoline blends Diamylene, 
the dimeride of trimethylethylene or wffAy/w-mcthylcthyl- 
ethylene is also valuable, for although it possesses a 
comparatively low extane rating when neat, it has a high- 
blending value The octane ratings of these polymerides 
arc given below, trimethylethylene (the mixture of this 
hydrocarbon and ««vvw-methylethylethylene obtained when 
dimethylethyl carbinol is dehydrated) being included for 
comparison with diamylene 

^ Octane Rating C h R 
H\dro<arb<in 1 Mutor method 

I ON 

Ui uobutinc 88 0 

Tri-irobultne I 86 6 

Trimethylcihylene 84 1 

Diamylene, b -p 155-60" C ' 75 5 

While the conversion of trimethylethylene into diamylene 
results in a considerable fall in the octane rating for the 
neat polymer, in blends this drop is much less marked In 
fact It has been observed that di-cyc/opentadiene has a 
higher blending value than the parent hydrocarbon cyclo- 
pentadiene, in view of the extreme vigour, however, with 
which the latter reacts with acid to form tars and resins, the 
formation of di-rv</opentadicne by acid polymerization 
does not appear likely 

The extent to which isomerization and condensation 
occur during acid treatment is unknown Isomerization of 
olefines may be expected to have a beneficial effect upon 
the octane rating because of the tendency to produce a more 
stable form which is generally one havmg a shorter 
saturated carbon chain Thus the isomerization of ito- 
propylethylene to trimethylethylene observed by Norris 
and Joubert [106, 1927] would result in an improvement 
m anti-knock value 

CHrv CH^ 

>CH— CH- CH, X-CH CH, 

ch/ ch/ 

Sttlphunc Esters. 

After acid treatment it is usual to allow the suspended 
sludge to settle before further treatment Since the amount 
which normally separates is quite considerable, it is de- 
sirable to allow sufficient time for this operation, otherwise, 
durmg the next stage of the treatment, which consists in 
water-washing, an appreciable quantity of undesirable 
matenal is thrown out of the acid by dilution and passes 
back mto the hydrocarbon layer The function of the 


water wash is to remove any free acid together with other 
water-soluble compounds, thereby reduemg the soda con- 
sumption in the subsequent soda wash The latter serves 
not only to remove free acid left behind by the water but 
sulphur dioxide and alkyl sulphates as well The last, while 
normally readily hydrolysed, are very resistant to hydro- 
lysis when in petroleum solution owing to the almost 
negligible mutual solubilities of the aqueous and hydro- 
carbon layers Contact is thus poor and hydrolysis takes 
place extremely slowly A similar difficulty is experienced 
in the removal of the acid bodies formed in hypochlorite 
treatment (vide supra), for the same reason Although 
the actual concentration of dialkyl sulphates in the acid- 
treated material is low. owing to the distribution between 
acid sludge and petroleum being almost entirely on the 
side of the former, a sufficient amount, probably of the 
higher compounds, to prove troublesome does remam 
This, during the rerunning, either decomposes per se, or is 
hydrolysed (when steam is present), the products including 
sulphur dioxide and sulphuric acid, both of which are 
extremely corrosive under the conditions normally obtainmg 
in a redistillation unit To overcome this corrosion, it is the 
practice of many refiners to feed caustic soda solution 
into the plant in sufficient amount to ensure that there is no 
free acid present while in at least one relinery a solution of 
soap and soda ash was added as reflux to the column The 
inorganic salts formed remain suspended after the evapora- 
tion of the water and were withdrawn with the bottoms, from 
which they could readily be removed by settling 

The dialkyl sulphate content of acid-treated distillates is 
influenced to a considerable extent by the conditions obtain- 
ing during the acid treatment Thus Halloran [63, 1933] 
claims that as a result of cold treatment a considerable 
economy is effected in soda consumption during the follow- 
ing alkali wash as well as m the chemicals required for the 
hnal sweetening A study of the factors influencing sulphur 
dioxide formation during rerunning has shovm that it is 
desirable to acid-treat at as low a temperature as possible 
and with the lowest concentration of acid necessary to give 
a satisfactory product To reduce decomposition as much 
as possible, distillation should be carried out under low 
temperature conditions Below 275° F sulphur dioxide 
formation was found to be slight but betiveen 320 and 
370° F it rises to a peak while decomposition is virtually 
complete at 450° F 

The use of clay or other adsorbent earths to remove 
gumming products, dialkyl sulphates and other acid bodies 
in place of rerunning has been recommended, but to what 
extent it is m use is not known The finish^ product is 
claimed to be entirely satisfactory 

Ipatiev recommends treatment with phosphonc acid to 
destroy dialkyl sulphates After rerunning, the distillate 
invariably requires a final treatment For gasolines derived 
from pracUcally sulphur-free crudes this may merely be 
confined to a small alkali wash or even omitted, but most 
distillates, even if doctor sweet before rerunning, require a 
slight sweetening treatment to finish The use of plumbite 
after acid and before redistillation has been advocated, but as 
sulphur bodies, particularly disulphides, tend to decompose 
under the influence of heat to give traces of hydrogen sulphide 
and mercaptans, it is necessary to repeat the sweetenmg 
treatment after the distillation While plumbite is generally 
used for the final treatment, hypochlorite has been shown 
to give equally satisfactory results provided it is properly 
applied and controlled Hypochlorite treatment must of 
course be completed with a thorough alkah wash 
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VIL THE ZINC CHLORIDE (LACHMAN) 
PROCESS 

The refining action of certain metallic halides, in par- 
ticular those of aluminium and zinc, upon cracked distil- 
lates has been known for a considerable time but the 
disadvantages attached to their employment on a large scale 
has, m the past, outweighed the advantages Sulphuric acid 
IS so easy to handle, cheap and effective, that it is a formid- 
able nval for any other refining agent which must possess 
very definite advantages to displace it When, however, 
several years ago interest in high temperature cracking was 
revived, it was at first thought that sulphuric acid was too 
drastic for the comparatively highly unsaturated products 
obtained and search was made for other less drastic 
materials Among other compounds zinc chloride was tried 
and gave excellent results, the final product being colour 
and gum stable Treatment, which was earned out in the 
vapour phase, consisted m passing the vaporized distillate 
over zme chloride supported on a earner at approximately 
200° C. Under these conditions the highly reactive hydro- 
carbons present polymerized and left the bottom of the 
treater as a thick viscous brown liquid which readily 
oxidized in air to a vamish-like substance Sweetening and 
some desulphunzation occurred m the early part of life of 
the catalyst, but this ceased some considerable time before 
the effective polymerizing action of the zinc chlonde ended 
Investigauon showed that the formation of a liquid him 
on the surface of the catalyst was essential, and attempts to 
remove the polymer as formed resulted in failure to refine 
Little of the chemistry of the process was understood, but 
It was found that some zinc chlonde, oxychlonde, and 
sulphide were present in the polymer The octane rating 
of the product was practically identical with that of the raw 
material This zinc chloride process never, however, reached 
full-scale operation, it was abandoned m favour of acid 
which, dunng the development of the zinc chloride process, 
had been shown to give sausfactoiy results when the con- 
ditions of treatment were modified One factor which 
weighed heavily in favour of acid was the necessity of 
handlmg a solid reagent in the zinc chloride process which 
IS always avoided in the Refinery as much as possible 

Lachman described his process in 1931 It possesses the 
advantage over the earlier process in that the zme chloride 
IS handled in solution, thus avoiding the serious drawback 
of conveying a solid reagent 

Lachman states [93, 1931, 94, 1935] that any metalhc 
salts m solution such as the hahdes, sulphates or mtrates 
of copper, cadmium, mercury, iron, zinc, and so on can be 
employed The treatment is carried out m the vapour 
phase by passing the vapour of the crude distillate under 
pressure through the solution at 130 to 210° C The pro- 
duct IS water-white, colour and gum stable, and practically 
unchanged m octane rating 

Accordmg to Lachman, the optimum treaUng conditions 
vary with the feed stock Normally treatment is earned 
out at 170 to 175° C , a solution containuig 70 to 85% zinc 
chlonde by weight bemg employed As it is desirable to 
keep the concentration as nearly constant as possible, it is 
necessary to provide for the water vapour earned away 
with the hydrocarbons This can be done by mjecUng 
steam or very conveniently by feeding zinc chloride into 
the plant at a shghtly lower concentration than that required 
for optimum operatmg conditions and allowmg concentra- 
tion to take place m situ For effective treatment intimate 
mixmg is required and this can be effected by packmg the 


treater or using baffles The tune of contact necessary is 
stated to be 2 to 12 sec 

Very little is known of the chemistry involved The 
action of the zinc chlonde appears to be mainly catalytic, 
although It definitely reacts with sulphur compounds and 
pyridme bases when present As the octane rating is httle 
affected it must be assumed that most of the hydrocarbons 
emerge unaffected, only the highly reactive gum-forming 
consUtuents being polymerized to high-boiling products 
It is stated that the amount of polymerization which takes 
place IS small , the polymers are removed with the bottoms 
in the fractionation which follows 

Reduction m the sulphur content vanes with the nature 
of the sulphur compounds present The average reduction 
IS from 30 to 40% under normal operating conditions, the 
treated material is still sour, but the mercaptan content is 
considerably diminished The reduction m mercaptan con- 
tent appears, other things being equal, to be a function of 
tune, for by considerably increasing the time ol conUct it 
IS possible to obtain sweet distillates The reaction involved 
appears to be 

2RSH I ZnCl, -■ R,S )-ZnS 1 2HC1 
although there arc indications that other reactions take 
place in which the sulphur bodies arc converted into high- 
boiling derivatives (disulphides'^) Desulphurization then 
results from these being left as a residue in the succeeding 
fractionation Hydrogen sulphide, when present, reacts 
with the zinc chloride to form the sulphide, the reaction 
being reversible 

ZnCl, I H,S ^iZnS+2HCI 

The formation of zinc sulphide results in a loss of zinc 
chlonde, another factor contributing being hydrolysis to the 
oxychloride 

ZnCl, I H,0 - Zn(OH)CH-HCi 

This reaction is also reversible Overall losses are, how- 
ever, stated to be small (0 3 to 1 5 Ib ZnCl, per bbl treated) 
and the zinc can be recovered as sulphide or oxychloride 
which readily dissolve m dilute hydrochloric acid to re- 
generate the chlonde 

When pyridine bases are present, some part but not 
all reacts to form double compounds It is to be supposed 
that under the conditions employed the latter would tend 
to break down and regenerate the origmal components 
which would eventually result ui a state of equilibrium 
bemg reached As, however, the zinc chlonde solution 
is drawn off conunuously some removal of these bases 
occurs 

Lachman considers that the ‘impurities’ responsible for 
gum formation and colour instability cannot exceed 1 % and 
that they are in all likelihood aldehydes or other oxygen- 
containing substances on which zinc chloride is well known 
to have a condensing action He considers that this theory 
is supported by the fact that the higher fracuons from the 
treated matenal contain small amounts of highly coloured, 
fluorescent substances Whether he is correct or whether 
these substances are highly condensed hydrocarbons— 
which are also known to be fluorescent— must remain for 
the present a matter of conjecture 

As mentioned above, the zinc chlonde sludge is con- 
tinuously withdrawn from the bottom of the treater, aAer 
being dduted to give a 50 to 60% solution, it is settled and 
the small amount of heavy oil which collects on the surface 
skunmed off The residue is passed through a filter-press 
to remove the oxychloride and sulphide present in suspen- 
sion and the filtrate returned to process by way of the 
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make-up tank It is questionable whether the recovery of as bottoms Ammonia is injected during the final condensa- 
the oxychlonde and sulphide in the cake is profitable tion to safeguard agamst traces ofhydrogenchlonde which 

excepting m very large plants, the bulk of the cake is com- may have escaped the limestone 

posed of solid and semi-sohd organic matter and is of So far as is known the zinc chloride process operates 
doubtful value successfully on all types of gasoline The treated material 

Corrosion of the plant is overcome by lining with suitable leaving the plant is entirely free from chlorine but requu-cs 

material such as bnck To remove traces of hydrogen sweetening Unlike many gasolines, the zinc chloride 

chloride, the vapours leaving the plant pass mto a tower treated material does not change colour or develop gum 

packed with limestone, the hydrogen chloride forms cal- during plumbite treatment but remains water-white 
cium chloride which is drawn from the bottom of the tower Lachman claims that the process can also be successfully 

continuously From this tower the vapours pass into a applied to kerosines and that after treatment they give a 

column where the heavy ends and polymers are removed good burning test and possess a good odour 
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The available knowledge concerning the chemical constitu- 
tion of crude petroleums cannot be claimed to be extensive, 
and though the chemistry of the lighter low-boiling con- 
stituents of straight-run and cracked gasolines is now fairly 
well understood, the chemistry of the higher boiling hydro- 
carbons and compounds present in the fractions of crude 
oil used for lubricating oil manulacture is almost com- 
pletely unknown This side of the subject is, hovwjver, 
becoming increasingly prominent in present-day research, 
as witness, for example, the work of the American Petro- 
leum Institute [24, 1935] 

The properties which characterize a good lubricating oil 
have been summarized many times, the most obvious 
characteristic being, of course, viscosity In addition are 
included lubricating value or oiliness which enables the 
lubricating oil film to withstand high bearing loads at low 
rates of shear, good stability against oxidation and sludging 
in general use, minimum variation of viscosity with tem- 
perature change, ability to flow freely at low-operating 
temperatures, and non-corrosivcness to bearing metals 

While the development of the 
internal-combustion engine has in- 
creased the demand for lubricating 
oils, it has also been the chief 
factor in raising the general stan- 
dard of quality m petroleum lubri- 
cants The continual striving after 
greater mechanical efficiency on 
the part of the automobile manu- 
facturer has resulted in increased 
running speeds and greater bearing 
pressures, and these factors, com- 
bined with the extreme temperature 
conditions under which modern 
engines, such as aircraft machines, 
may be compelled to operate, are 
gradually forcing the lubricating 
oil industry to produce oils which 
will retain their original properties 
under increasingly drastic condi- 
tions of service 

Viscosity considerations alone 
limit the use of materials for lubri- 
cating oil manufacture to those 
fractions of crude oil boiling above 
about 350" C at atmospheric pres- 
sure, and for the production of 
the more viscous lubricants high- 
vacuum distillation is necessary to 
avoid decomposition and destruction of the oil 

As a general rule, the boiling-point of a petroleum frac- 
tion mcreascs with the viscosity of the fraction, but the 
boiling-pomt-viscosity relationship also depends on the 
type of crude being distilled For example, a fraction from a 
Pennsylvanian crude will boil at a higher temperature than 
the fraction of the same viscosity from a Californian crude 
under similar conditions of distillation This variation of 
boiIing-point with chemical nature is clearly illustrated m 
Fig 1, which gives the approximate boiling-point-viscosity 


curves for a lubricating base oil (A), and for the correspond- 
ing refined oil (B), and reject oil (C) obtained therefrom 
by solvent extraction 

Constituents of the Crude Lubricatmg Oil Base 

While none of the individual chemical compounds pre- 
sent in the crude lubricating oil base has been isolated, the 
principal compounds present can be classified in fairly 
well-defined groups such as the following 

1 Crystalline wax 

2 Paraffinic, naphthenic, aromatic, and unsaturated 
hydrocarbons 

3 Asphalts and resins 

4 Sulphur compounds 

5 Oxygen compounds 

Any system of classification must, in the nature of things, 
be approximate, since no hard-and-fast distinctions can be 
made between many of the groups, and certain compounds 
may be classified with equal justification in more than one 


category Nevertheless, such a system has advantages in 
clarifying discussion, as the following comments illustrate 

1. CrystaUine Wax. 

Crystalline wax is probably the most stable constituent 
of lubricating oils, and owing to the ease with which the 
higher melting-point waxes can be separated and purified, 
its constitution is fairly well known The petroleum waxes 
are saturated hydrocarbons of the paraffin series C„Hte+*, 
where the values of n probably lie between 21 and 57 
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Clark and Smith [7, 1931], using a senes of carefully pre* 
pared and purified waxes, examined their crystal structure 
by the X-ray diffraction method and concluded that even 
the most carefully prepared samples were impure, but that 
parafRn wax itself is composed of normal and »o-parafiins 
to the extent of about 65 and 25% respectively, with the 
bulk of the crystalline waxes consisting of the five hydro- 
carbons of 29, 31, 34, 38, and 42 carbon atoms respectively 
Crystalline wax must be regarded as an objectionable 
constituent of lubricating oils when present in more than 
small amounts because of its obstruction to free flow of 
the oil at low temperatures In automobile and high-speed 
Diesel lubrication, the presence of crystalline wax, if not 
causing obstruction in the oil-feed lines themselves, would 
quickly lead to clogging of the oil-feed pump-filters, with 
consequent failure of the lubrication system and irreparable 
damage to the machine On the other hand, the presence 
of small amounts of wax in solution is definitely beneficial, 
and the object of the refining processes should be to retain 
the maximum amount of wax consistent with pour-point 
and set-point specifications 

Davis and Blackwood [9, 1931] have studied the effect 
of dissolved wax on the quality of finished lubricating oils, 
and conclude that in order to obtain the advantages of low 
pour-point oils by dewaxing, le pumpability and quick 
distribution of the oil throughout the lubrication system 
when starting at low temperatures, it is necessary to de- 
grade the oil to some extent in most of its other charac- 
tenstics The effect of small quantities of dissolved wax in 
lubricating oils is in some respects greater than would be 
expected from the law of mixtures, despite the fact that 
wax Itself possesses exceptional values for most of the tests 
usually applied to lubricating oils, and the removal of the 
dissolved wax is shown to affect the oil adversely in that 
It svill 

(1) Decrease the viscosity index of the oil, with resultant 
increased viscosity and difficulty in starting at low 
temperatures 

(2) Increase the carbon-formmg tendencies of the oil 

(3) Decrease the oxidation stability, with consequent 
mcreased sludging tendencies of the oil under service 
conditions 

(4) Decrease the lubneatmg characteristics of the oil as 
indicated by the lessened load-canymg ability and 
‘oihness' values 

When the quantity of wax present in an oil exceeds the 
limit of solubility for the wax at any given temperature, the 
'rax will crystallize out of solution, and the temperature at 
which this crystallization commences is known as the 
‘cloud-pomt’ The temperature at which the oil ceases to 
flow when subjected to slight shearing force is called the 
‘ setting-point ’ The ‘ pour-point ’ of the oil is usually some 
few degrees below the cloud-point, but above the setting- 
pomt, and in the case of oils containing dissolved wax, 
represents the temperature at which the wax crystals have 
grown to a sufficient size to form an interlacing network 
throughout the oil, which, partly on account of its greater 
viscosity at low temperatures, is retained within the net- 
work m much the same way as water is held by a sponge 

In the lubricating oil fractions as taken from the crude, 
the wax is associated with more or less asphaltic and 
resinous matter which prevents the formauon of large 
crystals and hmders the formation of this interlacing net- 
work Under the normal conditions of refining, however, 
these uihibitmg bodies are largely elimmated, owmg to the 


ease with which they are attacked by sulphuric acid, or 
selectively adsorbed by active earths, or dissolved by sol- 
vents The wax, on the other hand, is unaffected under 
such conditions, and the general result of refining waxy oils 
IS to increase the pour-point due to the formation of larger 
wax crystals, although the point of incipient wax crystal- 
lization (i e cloud-point) is not appreciably affected It, 
however, the oil contains no wax originally, or has been 
thoroughly dewaxed before treatment with acid, &c , the 
effect of the refining treatment is to reduce the pour-point 
smee in this case the pour-point is a viscosity effect only, 
and the refining has resulted in a general lowering of vis- 
cosity by the preferential removal of the more viscous 
asphaltic and resinous constituents 

2 Paraffinic, Naphthenic, Aromatic, and Unsaturated 
Hydrocarbons. 

Apart from the crystalline waxes which have been 
definitely established as normal and iio-paraffin hydro- 
carbons, the constitution of the other constituents of the 
lubneatmg oil distillates is a matter of uncertainty In 
the case of the lighter petroleum hydrocarbons, the presence 
of each type of the above compounds has been definitely 
established, but it is probable that the hydrocarbon con- 
stituents of the lubricating fractions are not in the mam 
pure representatives of any of these types, but consist of 
complex molecules partly paraffinic and partly naphthenic 
or aromatic in structure 

Paraffinic hydrocarbons may be defined as straight- or 
branchcd-chain saturated hydrocarbons of the general 
formula CbHb,^ nng structure being absent The paraffin 
waxes are members of this type of hydrocarbon 
Naphthenic hydrocarbons arc essentially ring structures 
of the general formula C„H2„_,a, where a represents the 
number of closed rings in the molecule The structure is 
saturated m that it contains no double bonds and the term 
IS usually taken to include molecules containing paraffime 
chains attached to naphthene rings 
Armnatic Hydrocarbons These are molecular structures 
having one or more benzene, naphthalene, anthracene, or 
similar nuclei m the molecule, attached perhaps to paraf- 
firac side chains or naphthene rings, or both 
Numerous empirical analyses of lubricating oil fractions 
have been made, in particular by Mabery [19, 1902, 1906], 
who found that the high-boilmg fractions of Pennsylvanian, 
Californian, and Canadian lubneatmg oils had empirical 
formulae ranging from C„Hu, to about CnH|n_8, with the 
carbon-hydrogen ratio increasing with rise in boilmg-point 
In a further study, Mabery [20, 1923, 1926] has examined 
the fractions obtamed by solvent fractionation of the heavier 
constituents of crude oil residues, and concludes that the 
pure naphthene senes C„Han, claimed to be the major con- 
stituent of Russian lubricants, is not present m the heavier 
fractions of American crudes, but that the first series of 
lubneatmg viscosity is C|,Hn_t, which forms a large pro- 
porUon of the lighter lubneants The series C„Ht»_4 is 
most frequently present m light and medium lubricating oils 
of good quality, though the general lubricants, especially 
of the heavier grades, are composed mamly of the series 

The senes CiiH|„_xo, CbHib_h, C^Hib-u, CiiH|B_it, and 
CbHi„_u also possess some lubneatmg properties but in 
dimmishmg order as they approach the asphaltic hydro- 
carbons which include the senes CbHm-m and others less 
rich m hydrogen 

Snuth [26, 1930] has made an extensive exammation of 
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the lubricating oil fractions of West Virginian crude, and 
has found empirical formulae ranging from CnHs«_t to 
QHw_„ with molecular weights of 300 to 900 

The presence of unsaturated olefinic hydrocarbons in the 
heavier ends of natural petroleum crude oil is open to 
question Unsaturation is definitely established in the 
lubricatmg oil fractions, but must be largely attributed to 
aromatic ring structures, though with the slight crackmg 
which occurs in practically all commercial types of distilla- 
tion equipment producing high-boiling viscous lubricating 
oil cuts, the presence of olefinic material is probable 

Vlugter, Waterman, and Van Westen [27, 1935] have 
advanced the knowledge of the constitution of lubricating 
oils considerably by correlating the change in physical pro- 
perties with complete hydrogenation of the oil By applying 
their method of analysis, the percentage of aromatic rmgs, 
naphthenic rmgs, and parafRmc chams or side chains can 
be determined directly from the physical characteristics of 
the oil, and these authors find, for example, in the case 
of a Pennsylvanian oil of molecular weight 512 
Aromatic rings 8 % 

Naphthenic rings 15", 

Paraffinic side chains 77 % 

as contrasted with a sample of naphthenic base oil of 
molecular weight 349 

Aromatic rmgs 

Niphthenic rings 29% 

Paraffinic side chains 39% 

This evidence, combined with the fact illustrated by 
Rossini [25, 1935], that even aromatic nuclei attached to 
paraffinic chains may possess high viscosity mdiccs (c 1(X) 
V I ) illustrates the complexity of the problems facing the 
study of lubricating oils and the looseness of such terms 
as ‘paraffinic’, applied to Pennsylvanian stocks, and ‘naph- 
thenic’, applied to Californian stocks and extracts from 
solvent refinmg processes 

3. Asphalts and Resins. 

Asphalts and resms have been represented as oxidation 
products of heavier hydrocarbons, and it is a fact that the 
precipitable material present in petroleum hydrocarbon 
fractions is increased by oxidation, though it is doubtful if 
all the compounds designated as asphaltic and resmous 
contam oxygen 

In a well-prepared distillate lubricating oil base the 
amount of asphalt is extremely small and decreases as 
the cut IS more thoroughly fractionated from the pitch or 
heavy residue The resm content, on the other hand, may 
be quite large and, owing to the ease with which resmous 
and asphaltic bodies further oxidize under service condi- 
tions to form sludge and petroleum acids, both these con- 
stituents must be removed as completely as possible durmg 
the refinmg process 

It IS doubtful if asphaltic substances are volatile under 
any condition without decomposition, and certamly the 
presence of hard asphalt m the lubricating base oils pro- 
duced m actual practice can be easily explained by entrain- 
ment during the vaponzauon process, or by crackmg and 
subsequent oxidation of complex aromatic bodies m the 
fractionating column The fact that petroleum resins are 
volatile and also partition fairly readily between petroleum 
hydrocarbons and solvents generally, suggests that they ate 
much nearer the true hydrocarbon stage than the asphaltic 

Asphalt IS precipitated almost quantitatively by con- 
centrated sulphuric acid and is readily removed during the 


refinmg process, but the presence of resins can be detected 
in most lubricatmg oils even after fairly heavy acid treat- 
ments The petroleum resms are preferentially absorbed 
by the active earths and clays used in lubricatmg oil re- 
fining, and the absorpUon follows the usual Freundlich 
isotherm [14] However, as the general practice is to apply 
the clay m one addition (occasionally m two), or to per- 
colate the oil through a stationary bed of clay, it is obvious 
that the resins cannot be completely removed by such 
methods 

4. Sulphur Compounds 

Sulphur compounds form a very high percentage of 
some lubricating oils, and whJe a high sulphur content is 
generally regarded with suspicion, there appears to be little 
need for apprehension in this respect if the oils are judged 
on their merits and not merely on the result of a quanti- 
taUve estimation of sulphur without consideration of the 
chemical state m which this sulphur exists 

There would appear to be several forms in which sulphur 
may be present m a lubneatmg oil, and of these free 
sulphur is probably the least desirable constituent of oils 
required to exhibit stability under fairly drastic conditions 
of temperature and oxidation, though its use in the cold 
as an extreme pressure lubricant dope for such requue- 
ments as cutting oil cannot be questioned 

Birch and Norris [4, 1929] have demonstrated the exis- 
tence of active sulphur compounds containing more than 
1 sulphur atom to the molecule m light kerosene, and 
discuss the possibility of chain sulphur compounds, but it 
IS doubtful if such bodies are present in highly refined 
lubricatmg oils produced fiom sulphurous stocks m view 
of their stability to copper, and it would seem probable 
that the more stable sulphur compounds contain only 1 
atom per molecule, probably within a ring structure It 
follows from this assumption, however, that in the case of 
an oil with a mean molecular weight of 500 and with a 
sulphur content of 1 %, the content of sulphur compounds 
must approximate to 15% by weight 

5 Oxygen Bodies 

Naphthenic acids constitute the greatest proportion of 
the oxygen-containing bodies present m the lubricatmg oil 
fractions of petroleum, and while they may be largely 
removed by the conventional acid and clay refining pro- 
cesses [13], recent refinmg practice shows an mcreasmg. 
tendency to remove these compounds durmg the distilla- 
tion or redistillation stages, by mjectmg caustic soda into 
the oil-feed to the still, and removing the non-volatile soda 
soaps m a short, heavy residue or still bottoms 

Lubricatmg oils should be freed as thoroughly as pos- 
sible from naphthenic acids, which attack the metal of the 
bearing surfaces lubricated by the oil to form oil-soluble 
metallic soaps [6, 1918] Oil-soluble soda or lime soaps 
may be formed dunng the refining processes, and may 
cause the oil to become cloudy and to deposit a fiocculent 
precipitate of soaps on exposure to moist or atmosphenc 
conditions In general, the naphthenic aad soaps are stated 
to accelerate oxidaUon and sludging of the oils m service 
[18, 1933], and all precautions should be taken to avoid 
their formation 

Chemistry of die Refining Processes 

The refinmg processes employed for the manufacture of 
lubricatmg oils from a given crude oil depend firstly on the 
type of crude oil to be handled, and secondly on the market 
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specifications to be met Frequently numerous grades of 
lubncatuig oil of various viscosities are prepared from the 
same stock, and with the refining processes available to-day, 
nearly all grades from the lowest to the highest can 
prepared from any type of crude oil 

The preparation of a range of lubricating oils from any 
crude may be considered under the following headings 

1 Selection and preparation of the crude fraction (or 
fractions) to form the lubncating oil base stock 

2 Dewaxing of the base stock 

3 Finishing treatments 

The third heading is capable of further subdivision 
according to refinery programmes, as, for example 

(а) Solvent refining 

(б) Redistillation 

(c) Acid and/or clay treatments 

1. Selection and Preparation of the Base Stocks 

The lubricating oil base stock is usually a fairly wide- 
range, high-boiling fraction of crude including, as its 
lightest constituents, varying quantities of gas oil The 
end-point of the fraction is limited in most cases by the 
amount of asphaltic material in the crude and the length 
of pitch residue required for bitumen markets, while the 
decision to handle the lubricating oil base stock m one 
or more fractions depends on the subsequent treatment 
and the quantity of wax present 

The older processes ol pressing and cold settling or 
centrifuging for the removal of wax required the produc- 
tion of lubricating oil base stock in two cuts, but for the 
modem, more efficient dewaxing processes there appear to 
be definite advantages in dewaxing a single long cut It 
may be necessary, however owing to hmitations imposed 
by distillation and/or dewaxing equipment, to reject a high 
viscosity slop cut contaminated with asphalt lying after the 
lubncating oil base-stock fraction and before the pitch 
residue, although this slop cut contains considerable 
quantities of useful high-viscosity lubneatmg oil 

In the case of paraffinic base crudes such as certain of 
the Pennsylvanian crudes which are practically asphalt- 
free, the lubricating oil base stock is itself a crude residue 
and includes all material boiling above about 320° C at 
atmosphenc pressure, and, of course, fractions of con- 
siderably higher boiling range than distillate base stocks 
can contain This is usually reflected in high carbon 
residue values of Pennsylvanian residue Bright Stocks 

Until the application of the pipe-still and fractionating 
column to vacuum distillation, lubricating oil manufacture 
was hmited to shell-still equipment operated under reduced 
pressure Fractionation was practically non-existent, and 
the significance of rigid control of skin temperatures was 
not generally appreciated, with the result that flash-points 
and viscosities were low, owing to incomplete separation 
of light ends and also to cracking and destruction of the 
more viscous fractions The loss of viscosity units due to 
inadvertent viscosity cracking by excessive skin tempera- 
tures m shell-still equipment may easily amount to over 
half the available yield of Bright Stock on the cmde, and 
the difference in yields of high-viscosity lubneants may be 
very much greater between inefficient and efficient shell-still 
operation than between efficient shell stills and modem 
vacuum pipe still and column The amount of cracking 
which takes place in the modem pipe-sull and vacuum 
fractionation equipment is still appreciable and depends on 


the volume of material maintained at high temperatures 
(above about 350“ C ) in the pitch well and lower trays and 
stripping sections of the tower 
In contrast to the production of crude lubricating oil 
base stocks by vacuum distillation, and neglecting con- 
siderations of costs. It IS possible to handle asphaltic and 
mixed base crudes in a similar manner to Pennsylvanian 
crudes by first applying a dc-asphalting process such as 
liquid propane to the reduced crude oils after topping off 
the spirits and white oil fractions This has the advantage 
of giving the maximum yield of high-viscosity lubricants 
on crude, and the quality of the lubricating base oil so 
obtained will be higher than can be obtained by vacuum 
distillation in practice This is due partly to the elimination 
of cracking, but mainly to the selective action of the pro- 
pane, which removes, in addition to asphalt, hydrocarbons 
of medium and high viscosity but of low hydrogen-carbon 
ratio, and retains the verv high-boilmg paraffinic hydro- 
carbons normally lost in the pitch bottoms 
The relative yields and quality of the heavy lubricants 
obtained by the distillation and the de-asphalting processes 
are exemplified by a series of results for a mixed base crude 
oil given in Table I It will be noted that the bitumen yield 
by the propane de-asphalting process was 9%, while the 
Bright Stock yield by the same process was about equal to 
that produced by the vacuum distillation to a 4"i pitch 
residue The quality of the propane-produced Bright Stock, 
however, is considerably better than the Bright Stocks pro- 
duced by vacuum distillation and refined with the same 
amount of acid and clay 


Table 1 

Distillation versus Propane Treatment of a Mixed 
Base Residue Oil 


I Propane 
</( ■u\phali- 
izing 


(3 mm Hg b} vol at 
presi ahf) 60 F) 


Vol asphalt or bilumen rest- I 



due on crude IDS 

43 

90 

Analyses of waxy lab base i 



Sp gr at 60° F 0 89S 

0 908 

0 899 

Viscosity at 100° F (centistokcs) ' 43 3 

65 1 

66 7 

Viscosity index , 89 

74 

99 

Coke number (Ramsbottom) 0 72 

1 70 

1 34 

Pour-point (A S T M " F , 80 

70 

70 

Analyses of refined brighi slocki 



(Identical dewaxing and finish- , 



ing treatments in each case ) . 



Vol % yield on crude 6 2 

11 4 

- 11 3 

Viscosity at 200° F (centistokcs) 1 36 9 

36 7 

35 2 

Viscosity index i 48 

49 

67 

Coke number (Ramsbottom) { 1 90 

2 43 

2 05 

Pour-point (A S T M ), " F 1 10 

‘5 1 

10 


2. Dewaxing of tbe Lubricating Base Stock. 

The dewaxing of lubricating stock by the older process 
depends for its success on the removal of crystalline wax 
from the less viscous fractions by chilhng and cold filtering 
(‘Pressing*) [3, 1923], while the viscous ‘amorphous’ frac- 
tions of the crude are dewaxed by dilution with naphtha 
of low specific gravity and either centrifuged as m tbe 



THE CHEMISTRY OF REFINING PROCESSES (LUBRICATING OIL) 1763 

onginal Sharpies [8, 1922] process, or cold settled, when [21, 1934] and Electnon oil [22. 1934] for lowering the 

the crystalline wax is allowed to settle by gravity from the pour-point of waxy oils The addition of these materiab 

chilled naphtha solution of the stock [3, 1923] to the oil does not in any way prevent the formation of 

The newer processes all depend upon the use of solvents crystalline wax. nor modify the temperature at which 

in which the wax is relatively insoluble at low temperatures crystallization of the wax commences The effect of these 

typical processes depend on such solvents as the following substances is attributed to preferential adsorption on the 

(a) Acetone-benzole [12, 1933] surface of the wax which prevents the growth of large 

(h) Liquid propane [2, l’933, 1, 1936, 28 1934] crystals and the consequent formation of the mterlacmg 

(f) The chlor-ethylcnes and similar compounds [23 structure associated with waxy oils at their pour- 

1933, 25, 1935] ’ point [29, 1933] 


Each of these types of process has special advantages 
and disadvantages depending on the nature of the stock to 
be dewaxed, which render them particularly adapted to 
certain circumstances The acetone-benzole process, for 
example, gives efficient wax removal with small tempera- 
ture differential between filtration temperature and pour- 
point of the dewaxed oil, but practically all the asphaltic 
and resinous impurities in the stock remain m solution and 
result in relatively high losses during the subsequent acid 
or solvent refining 

The propane process, on the other hand, gives efficient 
dewaxing, but requires a large differential in temperature 
(about 30 F) between filtration temperature and pour- 
point of the filtrate owing to the greater solubility of the 
wax in liquid propane However, owing to its selective 
solvent action, all the asphaltic matter, and more or less ot 
the resinous constituents depending on conditions, arc pre- 
cipitated and may be eliminated before chilling so that in 
addition to yielding very clean dewaxed oils of high quality 
(giving reduced losses on subsequent refining), it is possible 
to obtain a relatively clean wax by this process 

The chlor-ethylene compounds permit efficient wax re- 
moval, and arc associated with centrifugal as opposed to 
filtration processes The advantage of this type of solvent 
is a mechanical one in that the crystalline wax obtained 
on chilling is less dense than the oil-solvent mixture Thus 
the difficulties encountered in centrifugal processes operat- 
ing with low-gravity naphtha as solvent, in which the wax 
IS discharged from the periphery of the bowl of the centri- 
fuge, are eliminated The chlor-ethylene compounds also 
have an added advantage in reduced fire risks 

While the newer dewaxing processes may be applied to 
cuts of various length, there are definite advanUges m 
dewaxing a single long cut if a range of wax-free lubricants 
of low pour-point is required to meet market specifications, 
since more efficient removal of wax is possible in the 
medium viscosity range of lubricants than can be achieved 
by the separate dewaxing of pressing and centrifuging cuts 
by the older processes In all cases where a solvent is used 
to reduce the viscosity of the liquid phase and to facilitate 
crystallization of wax on chilling, some soft wax is dissolved 
with the oil and passes into the filtrate Moreover, of the 
total wax present, the softest or lowest boiling waxes in 
the waxy distillate appear to be preferentially dissolved, 
with the result that on evaporating the solvent from the 
‘dewaxed oil' after removal of the crystalline wax by filtra- 
tion or centrifuging, the lower boiling fractions of the oil 
show the highest wax-content as exhibited by pour-point 
'Thus when dewaxing is carried out in two stages, the 
lightest fractions of the dewaxed heavy ‘amorphous’ frac- 
tion show a concentration of soft wax in the front ends, or 
medium viscosity range, which becomes especially marked 
after solvent refining 

Mention should be made of the use of ‘dopes’ such as 
Paraflow [9, 1931], and material such as Voltohsed oil 


3. Finidiing Treatments. 

(a) Solvent Refining The increasing application of sol- 
vent refining to the production of lubricating oils can be 
attributed to the market demands for lubricants of in- 
creased stability in service, with improved viscosity index, 
and on the part of the manufacturer to the natural desire 
to produce such oils with greatest economy, i e maximum 
yield with minimum treatment cost and smallest production 
of useless by-products 

Ferns, Birkhimer, and Hendersen [11, 1931] have made 
an extended study of solvents generally with a view to 
determining their relative selectivity, and numerous pro- 
cesses have been desenbed m the literature which claim to 
fulfil all the manufacturers’ requirements, but it is a difficult 
matter to assess the relative claims of the different pro- 
cesses which have seldom been tested under comparable 
conditions Moreover, it is obviously desirable that the 
process selected shall be fundamentally efficient, and not 
owe an apparent advantage to more efficient plant design 
It must be remembered that any process may, in a matter 
of a few years, be greatly surpassed by further development 
in plant or operating technique of competing processes at 
present handicapped by poorly designed equipment or 
unsatisfactory operating conditions 

The application of triangular graphs to solvent refining 
problems has received considerable attention within the 
last few years [10, 1934, 16, 1933, 17, 1935], and allows an 
accurate and complete comparison of solvent efficiency to 
be made The effect of a selective solvent on a given stock 
may be completely represented by an equilibrium curve 
expressed in triangular co-ordinates, and by obtaining a 
senes of such curves for the same oil stock, but using 
different solvents it is possible to determine in each case 
all the necessary design data for the construction of large- 
scale plant (with the exception of mixer efficiency and 
separation rates), together with amount of solvent and 
number of theoretically perfect stages and yield for any 
quality raffinate A senes of such curves is given in Figs 2 
and 3, from which the following general conclusions re- 
garding solvent treatment may be easily deduced 

(1) For any given solvent, the most naphthenic extracts 
are obtained by operating at the lowest practicable 
temperatures 

(2) For any given solvent, the production of high-quality 
raffinates is favoured by operaUng at higher tem- 
peratures 

(3) For any efficient solvent process, the theoretical yield 
of raffinate (of any definite quality) is determined 
solely by the quality of the extract produced, and 
hence the maximum yield of raffinate obtainable from 
a given starting stock will be given by that process 
which yields the most naphthenic extract 

(4) The advantages of maintainmg a temperature gra- 
dient throughout a counter-current system are 
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(a) reduction of the amount of solvent required, 
and/or 

(i>) reduction m the number of counter-current stages 
required to achieve a given separation into extract 
and railinatc 

The effect of solvent refining is, as with acid rehmng, a 
loss of viscosity units which, as the scries of curves. Fig 4, 


the abnormal shape of the viscosity — viscosity index — 
curve persists even after heavy solvent extraction 

(b) Redistillation. What has already been said concermng 
the loss of viscosity units by cracking during the pnmary 
distillation for production of the lubricating oil base cuts 
applies equally to the subsequent redistillation operations 
for finished grades 



illustrates, increases progressively with increasing solvent 
treatment To counteract the reduced yield of viscosity 
luuts when producing improved lubncants, it is essential 
that an efficient solvent process be employed which wdl 
give high raffinate yields In addition, this loss of viscosity 
may be further offset by using a base stock made by distil- 
hng more deeply mto the crude, though, as already ex- 
plained, this will result m increased carbon residue figures 
In general, the selectivity of solvents is greatest in the 
highest boiluig fracUons of the oil, but that the effect is 
fairly evenly distributed throughout the boiling range and 
is not preferentially confined to the fractions of lowest 
quahty is illustrated by the set of curves. Fig 5, for a 
lubricating oil base from a South American crude m which 


In many cases no additional treatment is required after 
the solvent process, and, generally speaking, .the lighter 
lubneatmg fractions can be finish^ by high-tempcrature 
clay treatments alone, leaving only the heaviest fractions 
which require acid treatment The mjection of soda to the 
still-feed gives distillates of reduced acidity and improved 
colour stabihty, and the present tendency is to re-run 
solvent-treated lubneatmg oils to very small residues with 
soda mjection into the still-feed so that even the heavier 
lubncants are produced as distillates This has the ad- 
vantage of enabling all the grades of lubneatmg oil to be 
refined to good colour stabihty and low carbon residue by 
day alone 

(c) Finishing Treatments, Add and/or day. In discuMin g 


THE CHEMISTRY OF REFINING 
the acid and clay finishing treatment of lubricating oils, 
distinction is usually made between distillate oils and resi- 
dues such as those obtained from paraffinic base crudes and 
used for the manufacture of cylinder stocks The distinc- 
tion does not, however, represent any marked change m 
characteristics in the oil, but is due rather to the greater 
percentage of impurities (resins, asphalt, &c ) present in the 
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correspondmgly heavy, and the oil losses as acid tar will 
be considerable On the other hand, if the oil has been 
adequately solvent treated, the amount of aromatics will 
be small, and the finishing treatment will correspond to 
that reqiured for paraffinic stocks of similar viscosity, the 
distillate fractions may consequently be refined by a light 
clay treatment only It is worthy of note that the residue 


PURE SOLVENT 



residual fractions The lubricating oils requinng acid treat- 
ment are usually produced from asphaltic and mixed base 
crudes, though occasionally the residual oils left from the 
distillation of paraffinic crudes requure acid treatment to 
remove small amounts of asphaltic matenal onginating 
from the crude itself or from the effects of cracking dunng 
the distillation processes 

The amount of finishing treatment required to produce 
a finished lubneant will depend on the quahty of the oil, 
and especially on the amoimt of aromatic and unsaturated 
material present If the amount of undesirable constituents 
present is high, then the acid treatment necessary will be 
in 


fractions of high viscosity (lyhnder stocks) obtained by 
solvent treatment of long cuts from naphthenic or mixed 
base crudes are much more difficult to refine than the dis- 
tillate fractions from the same solvent-treated long cut 
The solvent-treated long cut may, m fact, be regarded as 
a synthetic base oil from a paraffinic crude This is due to 
tbt imperfect fractionation obtainable, m the first place, 
between the heaviest fractions of the long cut and the 
asphaltic residue, which results in entrainment of appre- 
ciable amounts of asphaltic matenal m the onginal long 
cut or lubricating base oiL 

While sulphuric acid will remove the unsaturated and 
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aromatic constituents from lubricating oil cuts it does not 


compare favourably with the solvent processes for effecting 
large improvements in quality, and the present tendency 
IS to coniine its use to decolorizing and milder refining 
operations such as the production of medium-grade oils 
Sulphuric acid will remove asphaltic constituents com- 


Naphthenic acids are present in most crudes in various 
proportions and are partially removed by the acid treat- 
ment, traces being found in most refined lubncaUng oils 
Resinous material also is only partially removed by acid 
treatment, and can be detected m appreciable amounts even 
after heavy solvent and acid treatment of certain stocks 



Fig 4 


pletely, by solution (in the case of soft asphalt), and by 
coagulation or flocculation (in the case of hard asphalt) 
Gurwitsch [15] states two theories for the removal of 
asphalt by the acid, one, polymerization, and the other, 
adsorption of the asphalt by the acid, and quotes evidence 
of an adsorption equation of the exponential type obtained 
by Schulz It is probable that both these theories are true 
in part but, owing to the confusion which exists in lefemng 
to asphalt, and the indefimteness of the present methods 
for analysis and isolation of these substances, no single 
explanation can be expected to cover all cases. 


It IS probable that the petroleum resms are much more 
nearly related to the paraffinic state than to the asphaltic, 
and that in their case an adsorpUon isotherm of the type 
discussed Schulz applies 

In the removal of the undesirable constituents by sul- 
phuric acid a certain amount of unavoidable side reac- 
tion occurs, dependmg on the temperature of treatment 
and the concentration and amount of acid used, which 
results m aad or *sour’ oils containing, in addition to dis- 
solved sulphur dioxide, appreciable amounts of oil-soluble 
sulphomc acids 
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Moreover, if during the acid treatment the oil is heated Neutralization of the acid-treated oils is effected in cer- 
excessively or subjected to high skin temperature, exceed- tain cases with caustic soda solution, especially on the less 

ingly stable oil-soluble colouring bodies may be formed viscous grades, but the results are generally infenor in 

which are very diffkult to remove colour to the corresponding finished products obtained 

The conditions found most suitable for oil-refming by usmg clay and lime, and owing to presence of dissolved 



vBcosirr iNoen of fraction 
Fio 5 


^ulphunc acid are generally suggestive of physical solution soda soaps the oils are more prone to emulsify and occa- 
rather than chemical reaction i e minimum opcraUng sionally develop turbidity on exposure to moisture 
temperatures and counter-current or subdivided treatment While it is probable that none of the constituents of 
Whm, from mechanical considerations or because of the petroleum is completely inert to the adsorption effects of 

hi^ viscosity of the oil at normal temperatures, higher decolorizing clays, for pracUcal purposes only the most 

treatment temperatures are employed, the results are active constituents need be considered Gurwitsch [15] 
generally less saUsfactory The subject has, however, been gives a comprehensive discussion of the effect of adsorbents 

fully discussed by several authors, and the reader is referred on petroleum products, and states the two principal rules 
to the works of Gurwitsch [13] and Kahchevsky and which govern the phenomenon 
•Stagner [18, 1933] (1) When an a^rbent acts on equally concentrated 
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solutions of various substances in the same solvent, 
the substance most strongly attracted by the ad- 
sorbent IS removed to the greatest degree 

(2) For equally concentrated solutions of any particular 
substance in different solvents, the substance will be 
most completely adsorbed from the solvent which 
has least attractive power for the adsorbent 

There is thus an equilibrium state m every case between 
the amount adsorbed and the amount remaining in the 
solvent The effect is expressed mathematically by the 
Freundlich Adsorption Isotherm 

X =- KC" 

where C is the concentration of the adsorbed substance 
(e g resinous material) in the adsorbent, egg resin per 
g of adsorbent (clay), X the concentration of the substance 
(resm) remaining m the oil when equilibrium has been 
reached between the oil and the clay, and K and n are 
constants K is proportional to the active surface per umt 
of weight of the adsorbent, and n is characteristic of the 
adsorbed substance and is greater the greater the activity 
of the substance for the adsorbent It follows, therefore, 
that complete removal by adsorption is not theoretically 
possible, but actually, for large values of «, the amount 
remaining in solution after treatment with adsorbent may 
be negligible for practical purposes In cases where the 
activity coefficient n is low, the amount of clay required to 
reduce the concentration in the oil to the required lunit 
will be excessive, and it is in such cases that recourse is 
made to more selective and drastic refining methods, as, 
for example, the refimng of residual oils as above men- 
tioned, with acid and clay 

Certam of the heavy resinous and asphaltic substances 


present in lubricating oil cuts are strongly reactive to adsor- 
bents and, since it is these constituents of the oils which 
are mamly responsible for the dark colour of unrefined oils, 
the decolorizing effect of day treatment is explained Not 
all of the resinous bodies possess the same activity, how- 
ever, as IS evidenced by the fact that appreciable amounts 
of resins are present in the finished lubricating oils from 
certam stocks Naphthemc acids boiling in the lubricating 
oil range are partially removed by clay treatment, but the 
amount of clay required for practically complete removal 
IS, as in the case of the resms, uneconomical It will be 
appreciated that the active surface of the clay must be 
saturated during its use and, if sufficient active material is 
not present, then greater proportions of inactive material 
will be adsorbed up to this amount In practice it is 
generally estimated that the minimum amount of oily 
material which is lost by adsorption and absorption m the 
clay after use approximates to one-half the weight of 
the clay 

The distillates from paraffinic stocks, eithei natural or 
from solvent refined naphthenic or mixed base crudes, are 
readily decolorized and stabilized by a light clay treatment 
In the case of stocks containing appreciable amounts of 
naphthenic acids (which are difficult to remove completely 
by acid, clay, or solvent-refining generally), the oils are 
redistilled over soda, as explained above, in preparing the 
distillate cuts, and in some cases even the heaviest grades 
are produced as distillates fiom soda-treated oils 

liie amount of clay required depends on the quality of 
the oil and on the temperature of treatment In the newer 
processes temperatures up to 600 F arc employed with 
short time of heating, the advantages of such processes are 
claimed to be reduction in clay requirements and improved 
appearance of the treated oils 
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SULPHURIC ACID TREATMENT 

By S. F. BIRCH, PhJ) 

Anglo-Iraman Oil Compmy, Ltd 


The use of sulphuric acid as a refining agent for muieral oils 
dates from the very early days of the industry, being 
adapted from the coal-tar and shale industries m which it 
was in general use To-day, although many changes have 
taken place in petroleum products and the manner in which 
they arc produced, it is sull probably the commonest and 
most universally employed refining agent The advantages 
It offers are many It is, for example, generally applicable to 
the whole range of petroleum products, being at the same 
time cheap, readily available, and easy to apply and handle 
in the refinery On the other hand, sulphuric acid refimng 
IS regarded by some as wasteful, uneconomic, and trouble- 
some Admittedly, sulphuric acid is corrosive, may cause 
a drop in octane rating when treating gasolines, and give 
rise to heavy losses, particularly when applied to un- 
saturated products, furthermore, considerable quantities 
of sludge are formed which are not disposed of readily 
However, in the light of more recent knowledge, these 
difficulties can to a very great extent be overcome The 
last, the disposal of the sludge, is a very real problem in 
small refineries where acid-recovery plants cannot be justi- 
fied economically As a result, large accumulations of 
sludge are to be seen on waste land adjoining such refineries, 
particularly in and rones, although this is not now so fre- 
quent as formerly The tendency to-day is either to burn 
the sludge directly or to dilute it and, after removal of 
separated oil, neutralize with spent alkaline reagents Any 
hydrogen sulphide eliminated in the process may be burnt 
and the aqueous product disposed of with comparaUvely 
little trouble 

As in most branches of the petroleum industry, con- 
siderable advances have been made in acid refining smee 
the early days when treatments were developed by rule-of- 
thumb methods and a considerable amount of guess-work 
was employed in the applicauon The last ten years have 
seen very big strides made in the use of acid, particularly 
for the treatment of cracked distillates, largely as a result 
of better understanding of the reactions underlymg the 
process Yet even to-day, although certain rules based 
upon the chemical reactions concerned may be observed, a 
satisfactory treatment for a new product is invanably de- 
veloped by methods involving trial and error Possibly it is 
for these reasons that the acid-refining process has fre- 
quently been referred to as a 'barbarous art’ 

The chemical reactions involved in the treatment of 
petroleum products are extremely complex A certain 
amount of information is available which can be applied to 
the lighter distillates, but practically nothing is known of 
the reactions in which the heavier products are concerned 
In any case it must be realized that the effect produced 
dunng the refimng process is the result of numerous reac- 
tions of widely differmg type, some of which may improve 
the product while others may not Since it is obviously not 
possible to control a complex process of this type so as to 
limit or prevent any particular reaction or reactions taking 
place without affecting others, it is mvariably necessary 
to compromise and select conditions which most nearly 
produce the desired result To accomplish this, changes 
may be made in any of the following variables 


(1) Amount of acid used 

(2) Method of addition 

(3) Strength of acid 

(4) Temperature 

(5) Time of contact 

(6) Method of agitation 

(7) Final treatment 

These will be considered separately 

Amount of Acid. 

The quantity of acid necessary to refine a petroleum pro- 
duct IS largely determined by the nature of the product and 
the degree of refining desired It is affected by the concen- 
tration of the acid used and the manner of its application as 
well as the time of contact and temperature at which treat- 
ment IS carried out 

With the possible exception of natural gasoline, sulphunc 
acid IS used as refining agent for the whole series of petro- 
leum products The object of the treatment, however, 
varies, for while acid is used on gasolmes and kerosmes for 
the purpose of desulphurization it is employed on lubricat- 
ing oils to destroy constituents which render them unstable 
to heat and oxidation The lower fractions (as a general 
rule) require a much lighter treatment than those of 
higher boiling range, although this is not without excep- 
tion, as for example when treating gasolines of exception- 
ally high sulphur content 

While acid treatments are generally given as volume 
percentages in Europe, m American refineries it is usual 
to express them in terms of pounds per U S barrel (Ib/bbl ) 
Obviously in converting from one to the other, it is 
necessary to take into account the gravity and in Table I 
the equivalent quantities are given for 93 2% acid (66° Be ) 


Table I 


I Pounds per U S barrel of 
", by volume \ 42 U S gal = 35 Imp gal 

01 ! 0 642 

0 2 1 28S 

0 3 ' I 927 

04 , 2 569 

0 5 I 3 211 

06 3 854 

0 7 I 4 496 

08 I 5 138 

09 I 5780 

10 642 

15 I 9 63 

2 0 12 85 

25 ! 1606 

3 0 I 19 27 

3 5 I 22 48 

Usually straight gasolmes can be effecuvely treated with 
0 1 to 1 % of aad (66° B6 ) by volume, the exact amount 
bemg determined by the quantity required to brmg the 
sulphur content withm the limits set by specification which, 
m the United States, is 0 1 % The correct quantity of acid 
required to bring about any degree of desulphurization is 
difficult to predict, depending as it does upon the nature of 
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the sulphur bodies to be removed A distillate m which 
most of the sulphur present is combined as organic sul- 
phides is much easier to desulphurize than one m which 
mercaptans and disulphides are present, since the latter are 
much less soluble in acid than the sulphides Mercaptans. 
since they are oxidized by the acid to disulphides with the 
formation of water, tend to reduce the effectiveness of the 
acid by dilution Similarly Nitrogen bases when present 
reduce its refining action by neutralization Straight 
gasolines containing comparatively low sulphur contents 
which are not readily amenable to acid treatment are excep- 
tional and the operation is usually simple and easy to carry 
out 

Kerosines require a somewhat heavier treatment than 
gasolines, depending upon the purpose for which they are 
intended and their previous treatment Considerable 
quantities of kerosine are burnt in lamps for illumination 
and, unless satisfactorJy refined, fouling of the lamp glass 
and charring of the wick result Both of these can frequently 
be traced to a high sulphur content, and this is therefore 
usually limited by specification to 0 1 %, and considerably 
lower for special grades Acid treatment, as with gasolines. 
IS thus largely directed at desulphurization although gum- 
forming and coloured constituents may be removed and to 
some extent those responsible for smokiness as well The 
satisfactory removal of the latter cannot always be effected 
by acid unless extremely heavy treatments are given, and it 
IS in such instances more economical to employ a pre- 
limmary extraction with liquid sulphur dioxide followed by 
a relatively small acid wash 

Provided that it is sufficient to effect the required degree 
of refining, the amount of acid employed for the treatment 
of the lighter straight distillates is not critical A heavier 
treatment, apart from increasing acid consumption and 
thereby treating costs, does not have a very serious effect 
since losses involved are small and the fall in octane 
rating negligible unless, of course, very excessive treat- 
ments are applied On the other hand, extreme care must 
be exercised when acid treating cracked distillates, particu- 
larly with regard to the quantity of acid employed and its 
concentration The function of the acid is no longer con- 
fined to desulphurization as with straight distillates, but 
includes the removal or conversion of the highly reactive 
gum-forming constituents into harmless products by poly- 
menzation Since the latter process not only mvolves loss 
in material but also a fall in octane rating, it is desirable to 
confine the action of the acid as far as possible to the 
objectionable constituents This is by no means easy, as 
there is no hard-and-fast line separating the desirable from 
the undesirable hydrocarbons and it is difficult to destroy 
the latter without affecting the former This is parucularly 
true of cracked products formed as a result of more drastic 
crackmg conditions in which the proportion of highly 
reactive bodies is higher than in those produced under 
milder conditions Since both polymerization and desul- 
phurization are determined by the amount of acid em- 
ployed, It follows that to desulphurize a highly sulphurous 
cracked disUUate and yet avoid loss in octane value and 
yield IS not possible 

The heavy acid treatments required for desulphurizing 
highly sulphurous cracked distillates give finished gaso- 
lines of good stabihty because the unstable and gum-form- 
ing compounds are removed during the desulphurization 
The satisfactory treatment of a low-sulphur distillate is a 
much more difficult matter because the amount of acid 
required is governed by the required stability of the finished 


product and not by the sulphur content Much more room 
for improvement consequently exists in the treatment 
technique of low-sulphur distillates than in treating those 
of high sulphur content 

The degree of refining as indicated by the normal pro- 
perties of the finished product is not proportional to the 
amount of acid employed This is shown by the effect pro- 
duced upon sulphur, colour, potential gum, and octane 
rating given in Tables II-IV 

Tabie 11 

Comentional treatment of Cracked Gaiolme (Kalic/icvsky 
and Stagner [8. 1933]) 

I iott uf Mock ha\ed 

93 acid < Refined produit on gasolim Inaled 
Ih per bbl ' \ulphur 

0 0 88 0 0 

8 ' 0 61 2 9 

20 0 32 7 9 

to 0 24 14 4 

40 0 19 19 I 

Table 111 

^ect of Quantity of Acid upon Colour oj Finished Gaso- 
line {Nash and Howes [12, 1934]) 

Finished produt I 

And, I Finished produt I i potenlial gum 
Ih per bbl I colour (Savboli) {mg per 100 ml ) 
0,8 274 

1 1 16 268 

2 , 17 I 24t 

3 > 21 196 

4 I 25 147 

6 27 I 92 

9 ' 22 , 46 

10 21 22 

15 , 20 12 

20 20 3 

40 20 ' 0 


Tabif IV 

Effect of Acid Treatment on Dubbs Craiked Distillate on the 
Properties of Finished Gasoline (Potthojf [14, 1931]) 

Acid lb Sludge ! Polymer Total 

per bbl loss, % I loss, % loss, 

0 0 I 0 0 

2 10106 16 

5 18 10 28 

10 3 5 1 8 5 3 69 

20 80 I 33 113 ' 64 

50 15 3 1 63 I 216 I 51 

It Will be observed that so far as colour is concerned 
there is an optimum treatment above or below which the 
colour of the finished product is unsatisfactory The effect 
produced by varying the quantity of acid employed upon 
the boihng range of the material treated is well illustrated 
in Table V in which A S T M distillabons are given corre- 
sponding with the acid treatments in Table III 

Storage has a marked effect upon the ease with which the 
lighter distillates yield to treatment, some becoming more 
and others less easy to treat This can usually be traced to 
changes due to aerial oxidation and spontaneous poly- 
merizaUon 

The quanbty of acid which may be applied to lubricating 
oil without nyuiy is not critical providmg certain pre- 
cautions are taken with regard to temperature Excessive 
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application of acid in one batch may cause overheating 
with considerable evolution of sulphur dioxide, and result 
in a permanent darkening of the oil, presumably due to 
oxidation 

Table V 

Effect of Acid Treatment upon Dubbi, Cracked Dittilfate 
ai shown bv A STM Distillation, Colour, and Gum 

Treatment lb per bbl 0 \ 2 \ 5 \ to ^ :S) SO 

Sp gr at 60“ F ' 0 749 I 0 749 i 0 749 I 0 751 I 0 752 0 754 

IBP. F 98 I 100 ; 101 I 106 I 105 104 

10% distillate, =F i 148 I 148 152 158 I 163 166 

20% , 180 182 185 ' 187 195 198 

30% . 209 210 212 214 ' 223 230 

40% , 235 I 236 239 ' 239 ' 250 256 

50% , 259 I 260 263 | 264 I 273 281 

60% .. „ 282 I 284 286 284 ' 294 301 

70% „ , 300 I 306 309 307 312 327 

80% , , , 334 ' 336 335 I 338 | 340 346 

90% , .. 362 , 362 361 361 I 368 372 

End-poinl, °F 399 , 397 405 ' 410 I 405 404 

Colour , 16 I 20 25 , 25 25 24 

Gum (copper dish), I , 

mg perllXlml > 370 , 219 140 24 ' 63 59 

It is, of course, not possible lo give more than a very 
rough approximation of the quantity of acid required to 
refine petroleum products, but a useful indication based 
upon Kalichevsky and Stagner [8 1933] is as follows 

Natural gasoline Usually none occasionally 2-5 lb per bbl 

Straight-run gasoline 0- 3 lb per bbl 

Cracked gasoline 2- 1 0 lb per bbl To effect desulphurization 

of highly sulphurous distillate prohibitive 
treatments arc required 

Kerosinc 1-75 lb per bbl depending upon degree of 

refining required 

Lubricating oils 0-60 lb per bbl depending upon pre- 

liminary treatment Residual oils require 
more than distillates 

Transformer oils 0-100 lb per bbl (fuming acid) 

‘Water-soluble’ and 

spray oils 0-200 lb per bbl (fuming acid) 

Medicinal oils 200 lb per bbl or more (fuming acid) 

Wax Up to 300 lb per bbl , usually considerably 


Method of Application — Fractional Addition. 

In batch operation it is usual to apply the acid treatment 
in two or more stages, settling and drawing off the sludge 
formed before the next addition This method of treating 
IS definitely advantageous Not only is the refining action 
better than when the acid is added altogether, but a con- 
siderable economy in acid may be effected It also prevents 
excessive temperature rises and enables a better control to 
be maintamed on the process Schulz [17, 1909] main- 
tains that the effect of acid treatment follows the laws of 
physical adsorption, an observation not generally accepted 
There is little doubt actually that better results can always 
be obtained in the treatment of cracked distillates when 
the acid is added in fractions or ‘dumps’ 

Since distillates are rarely free from water even when 
settling has been properly carried out, particularly those 
with high contents of aromatic and olefine hydrocarbons, it 
follows that appreciable dilution of the acid is liable to 
occur This is further increased by any oxidation of mer- 
captans to disulphides with the formation of water One 
of the benefits to be obtained by a relatively small pre- 
liminary and 3vash is consequently the dehydration of the 
oil under treatment and oxidation of the mercaptans, thus 
allowmg full advantage to be taken of the better refimng 


action of the more concentrated acid applied subsequently 
The action of the preliminary acid is not limited solely to 
dehydration, for phenols, nitrogen bases, the more soluble 
sulphur bodies and, when treating cracked distillates, the 
most highly reactive hydrocarbons, are also removed It 
has furthermore been observed that the addition of a small 
amount of acid to certain distillates produces a feebly acid j 
sludge containing only a little acid and mostly soluble in 
benzene 

On the addition of further acid, reaction occurs between 
the sludge and the fresh acid as a result of which the former 
entirely loses its solubility in benzene Since the same 
insoluble sludge is a normal product in the treatment of 
light distillates, it follows that unless the benzene-soluble 
sludge IS removed by a preliminary acid treatment, at least 
a part of the acid added later is utilized in converting it 
into the insoluble form 

It IS panicularly important to settle and remove the spent 
sludge completely at each stage The part played by a 
preliminary acid wash of this nature in the batch treatment 
of cracked distillates is particularly valuable After being 
rapidly diluted when first added by water, &c , the acid 
proceeds to react in its diluted form as a mild polymenzmg 
agent attacking only the most reactive hydrocarbons The 
fractional addition of acid to cracked products thus pro- 
vides a graded treatment which is particularly advantageous 

As a general rule, acid sludge formed in a previous batch 
IS employed for the preliminary treatment, thus enabling 
a considerable economy m acid consumption to be effected 
This mode of application is best to be seen in counter- 
current treating where the raw distillate is first contacted 
with the spent acid leavmg the plant, and then passes on 
to meet acid of steadily increasmg concentration until it 
finally reaches the fresh acid entering the plant Counter- 
current treatment is thus particularly economical, since the 
acid IS used to the greatest advantage, under certain circum- 
stances leaving the plant entirely spent 

An interesting application of fractional acid treatment 
has been suggested when using oleum on certain products 
It is claimed that treatment with concentrated acid both 
before and after the application of the fuming acid is 
beneficial since the preliminary treatment removes water 
and easily resimfied materials while the subsequent one 
lakes out undesirable compounds formed by the action of 
the oleum 

Strength of Acid 

The concentration of acid most suitable for treating a 
product depends upon the nature of that product and the 
purpose of the refining process Thus, for the treatment of 
cracked distillates, a relatively weak acid is desuable, while 
for the preparation of such products as petroleum jelly and 
white oils drastic treatment with large volumes of oleum 
IS essential As a general rule it may be stated that the 
stronger the acid employed as a refining agent the greater 
the degree of refimng attamed and the greater the resultmg 
losses The refimng action, particularly that involving 
sweetening, falls off very rapidly with increasing dilution, 
the rate of decrease being largely determined by the nature 
of the diluent Water, for example, appears to influence the 
refimng action of acid to a much greater extent than dilu- 
tion by the products normally formed during the refimng 
process itself 

Since the higher the concentration employed the greater 
arc the losses (cf Table VI) and the tendency for undesir- 
able changes to take place in the product, the lowest acid 
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concentration capable of giving the reqiured degree of 
refining should be employed While this needs no very 
senous consideration when dealing with straight run dis- 
tillates, as these are relatively insensitive to acid, it is parti- 
cularly true for cracked distillates and lubricating oils 
Some idea of the relationship between acid concentration 
i and loss as sludge can be obtained from Table VI, which 
* gives the results obtained when treating a lubricating oil 
distillate, diluted with half its volume of gasoline, with acid 
of varying concentration and equal in volume to one-half 
that of the heavy oil (Gurwitsch [6, 1932]) 

Table VI 

Sludge Formation fiom Acid and Unrefined LuhneaUng 
Oil Distillate 

Acid concentration. % 100 97 95 92 87 82 75 71 65 

Increase m volume of 

acid layer, % 25 23 20 15 5 10 7 5 0 0 

The most reactive form m which acid is employed m the 
refinery is as oleum containmg lS-20% sulphur tnoxidc 
Although m the past this was used in small amounts for 
straight-run gasolme in place of the 66° Be acid, its use 
to-day IS mainly confined to kerosme and special products 
such as naphtha cuts, transformer oils, and medicinal pro- 
ducts, It IS particularly effecUve for desulphunzmg kero- 
sines derived from asphaltic crude oils to produce high- 
grade products These kcrosmes are not only rich in 
aromatic hydrocarbons but high in sulphur content, and 
unless previously extracted with liquid sulphur dioxide 
require a heavy acid treatment with oleum to give a satis- 
factory product The extent to which desulphurization 
takes place is approximately proportional to the acid con- 
centration (reckoned as HtSOJ Thus 66° Be acid (93 ^„) 
IS only about 50-60% as efficient as oleum (104% acid) for 
desulphurizing kerosme An interesting observation in this 
connexion is that certain kerosme acid sludges on standing 
separate up to 20% of their volume of highly sulphurous oil 
in the course of a day or so This explains why, when acid 
treatmg plant has been shut down for several days with 
acid and kerosme in contact, the sulphur content of the 
latter is high and an mcreased quantity of acid is necessary 
to reduce it to the requued extent 
Oleum IS also employed in the producuon of painters' 
naphtha where a particularly low sulphur content is re- 
quired m the finished product 
For the production of medicinal and transformer oils, 
furamg acid must be employed, as otherwise it is impossible 
to obtam the complete removal of the undesirable con- 
stituents Even then extremely heavy treatments are essen- 
tial to obtam satisfactory products, although these may be 
reduced by prelirmnaiy extraction with selective solvents 
Oleum has the disadvantage of being a strong oxidizing 
as well as sulphonating agent, and considerable quanUties 
of sulphur dioxide are evolved during treatment even at 
ordin^ temperatures The products from these oxidauon 
reactions are soluble m the oil and frequently impart to it 
abadpolour A final treatment with 66° B6 acid to remove 
the compounds responsible for the colour has been recom- 
mended (V Bibra [2, 1922]) 

The addition of oleum to partly spent acid tar to bring up 
the strength is oAen a convenient method of effecting a 
considerable economy m acid 
Concentrated sulphunc acid, 93-6%, although at one 
tune in general use for cracked distillates, straight-run gaso- 
hnes, and lubricating oils, is to-day largely lunited in use to 
the last two As mentioned above, it is only roughly 50- 


60% as efficient as oleum m removmg combined sulphur 
from the lighter straight distillates While it has the dis- 
advantage that approximately double the quantity is 
required to produce a doctor negative product, the latter 
IS less corrosive and gives a better coppcr-dish test 
Although under suitable conditions, for example at low 
temperatures or in certain forms of treaUng equipment, the 
concentrated acid gives good results with cracked distillates, 
as a general rule it is better to employ the weakest acid 
which will give a satisfactory product Thus the treatment 
necessary is considerably influenced by the possible use or 
otherwise of inhibitors in the finished gasoline and the 
relative importance of colour The high temperature- 
cracked distillates, having a much higher unsaturated 
content than those produced with less drastic cracking 
conditions, are much more sensitive to acid Too high a 
concentration of acid may produce almost explosive results 
through heat evolution, while the octane rating of the 
treated material is much reduced 
It IS obvious from a study of the hydrocarbons likely to 
be present in cracked distillates that their reactivity towards 
acid must vary over veiy wide limits Thus, while diolefines, 
particularly certain cyclic diolehnes such as cyclo penta- 
diene, are extremely reactive, many of the higher normal 
olefines are unaffected by even relatively strong acid 
Between these limits there are hydrocarbons varying in 
reactivity from one extreme to the other Very few of those 
present in cracked distillates have so far been identified, but 
It IS known that they cover the whole range ol reactivity 
The relative proportion m which the various hydrocarbons 
are present is, however, largely determined by cracking 
conditions, drastic conditions such as those employed in 
high-temperature operations not only resulting in a higher 
olefine content but at the same time favouring the forma- 
tion of the more reactive hydrocarbons High-temperature 
cracked distillates of this type aic consequently much more 
sensitive to polymerizing agents than those produced under 
less drastic conditions and, since it is largely owing to the 
presence of the reactive hydrocarbons that they owe their 
high octane rating, much more caie is necessary in acid- 
treaung them Unless such care is exercised much of the 
advantage gained in producing materials of this type is lost 
and a gasolme of comparatively low value obtained 
In consequence much atlenUon has been directed during 
the past decade to improving the technique of the aad 
treatment of cracked distillates The realization that the 
drastic treatment necessary to produce a stable finished 
gasolme water-white in colour and of pleasant odour at the 
same time materially reduces the octane rating has led to 
a changed outlook The consumer has become better in- 
formed and now knows that colour and odour are less im- 
portant than the octane ratmg and gum-content, actual and 
potential Even the much-debated question of sulphur 
content is not so seriously regarded as formerly, particu- 
larly in Europe where the introduction of coal-tar benzene 
rendered a low sulphur content impossible 
The use of dyes served a useful purpose in bridging the 
gap between the tune when the consumer, generally cor- 
rectly so, considered colour an indication of incomplete 
refinmg and the present time when colour is relatively un- 
important The greatest advance has been due to the 
mtroduebon of inhibitors which have enabled cracked dis- 
tillates of high octane value to be converted into reasonably 
stable finished gasohnes with little ornoloss moctane ratmg 
Wtule It IS possible to elunmate refimng almost entirely 
by lowering the end-pomt and addmg an inhibitor after 
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a small alkali wash or doctor treatment, as a rule it is better 
to employ a small acid treatment either with comparatively 
weak acid or sludge and then, after neutralization, re-run 
and inhibit As an alternative, it is possible to inhibit 
the lightest fracuons contauung the hydrocarbons of high 
octane ratingand acid treat the heavier fraction, a procedure 
which has been adopted m certain refineries An unportant 
consideration in deciding upon the most favourable pro- 
cess IS the period between refining and consumption suicc, 
of course, the effective life of inhibitors is lunited 
While acid concentrations as low as 40% have been 
stated to have a slight polymerizing effect on hydrocarbon. 
It IS not until concentrations in the neighbourhood of 70% 
have been reached that the refining action, in particular 
colour removal, is sufficiently marked to be useful The 
most satisfactory concentrations for refining cracked dis- 
tillates have been found to range from 70 to 81%. while 
those rangmg from 83 to 93% may be used for both 
straight run and cracked materials 
Probably the most satisfactory method of rehning cracked 
distillates, particularly those produced under drastic crack- 
ing conditions, is to employ a scries of treatments with 
steadily increasing acid concentrations until the desired 
degree of refining has been effected Such a procedure by 
removing the most reactive unsaturated bodies with weak 
acid enables a much better control to be kept over the pro- 
cess by avoiding undue evolution of heat Thus Retailhau 
[15, 1932] advocates treating vapour-phase cracked distil- 
lates first with 30 “i acid to remove the most active hydro- 
carbons followed by a subsequent treatment with 75% acid 
Graded treatment of this kind is a natural consequence 
of counter-current treatments, for the aetd first mcetmg the 
raw distillate has become diluted at an earlier stage and 
the more concentrated acid only comes into contact 
with the partially refined oil In counter-current treating 
plants, the relatively large volume of acid normally present 
acts as an excellent diluent and a very much higher concen- 
tration may be fed into the plant than would be desirable for 
batch operation This applies particularly to the Holley- 
Mott type of plant [1, 1931] in which the volume of acid 
present vanes from 10 to 20 "i of the volume of the oil 
Fresh acid entering the plant is so rapidly diluted that even 
concentrated acid may be added without ill effects Since 
the sludge leaving the plant is completely spent and is 
practically devoid of refining action, this method of opera- 
tion IS extremely efficient and economical Thus the acid 
consumption for a high temperature cracked distillate in a 
plant of this type is often below 1 6 lb per bbl 
The chief advantages of counter-current contacUng for 
the treatment of cracked distillates is given by Walton 
[18, 1936] as follows 

(1) The most active of the unstable molecules are 
removed by the weakest acid, allowing strong un- 
diluted acid to be added at the last contacting pomt 
to remove the most inert of the imdesirable con- 
sutuents 

(2) Residual acid in the sludge is utilized which is too 
weak to be used in securing a finished product and 
which would too greatly dilute fresh acid if the two 
acids were mixed 

(3) Easily oxidized molecules tend to be mildly treated 
and extracted mto the acid layer rather than 
vigorously oxidized with the evolution of sulphur 
dioxide and formation of oil-soluble esters 

It has already been mentioned that aad sludge forms an 
excellent prehminaiy treating agent Under certam ar- 
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cumstances, it may be employed entirely in place of fresh 
acid as, for example, when acid sludge from the treatment 
of kerosine is utilized in refimng cracked distillates As a 
general rule the use of sludge in this way mcreases the 
sulphur content of the material treated, although since 
redistillation forms an mtegral part of the process this is 
not important A more senous consideration is the pos- 
sible reduction in octane rating 

As a means of avoiding excessive polymerization, highly 
unsaturated products arc frequently mixed with straight- 
run distillates or those relatively low in olefine content This 
expedient is particularly useful when treating such products 
as polymerization gasolines which consist almost entirely 
of unsaturated hydrocarbons and which are consequently 
extremely difficult to treat alone owing to the violence of 
the reaction 

Temperature 

The reactions between hydrocarbons and sulphuric acid 
are very sensitive to temperdturc changes, a fact of con- 
siderable importance, and very evident when acid-treating 
certain petroleum products as a very small rise in tempera- 
ture produces a most marked increase in the speed of 
reaction Careful control of the heat evolution, which 
invariably takes place during acid treatment, is therefore 
essential since otherwise the reaction tends to go too far 
and gives inferior products 

The optimum temperature for treatment is determined 
largely by the material and the object of the refining process 
In general, higher treating temperatures are employed for 
heavier products for the removal of aromatic and unsatur- 
ated hydrocarbons, bituminous compounds, and asphalts 
The treatment of the lighter distillates for the removal of 
combined sulphur and colour is carried out at low tempera- 
tures The treatment of cracked gasolines at temperatures 
as low d$ 18° IS particularly recommended by Halloran 
[7, 1927-8] and Klemgard [10, 1927], who claim that 
polymerization losses and treatment costs are much 
reduced 

As a general rule it may be said that the lower the tem- 
perature of treatment the better the appearance of the 
product Treatments at higher temperatures can usually 
be carried out with a lower acid consumption, or altern- 
atively with weaker acid, the higher temperature compensa- 
ting for the decreased activity of the reagent 

Polymerization losses can be very largely reduced by 
avoiding rise of temperature when treating cracked distil- 
lates and climatic temperature changes are for this reason 
often reflected in the refined product Pierce [13, 1930], 
from an investigation of the conditions affecting the acid 
treatment of cracked gasoline concludes that, while a rise 
in temperature favours desulphunzation, it results in a 
poorer colour m the finished product and increased corro- 
sive acid formation on re-running This is well illustrated m 
the figure based on Trusty and Pierce’s results (Nash and 
Howes [12, 1934]) 

In the refimng of straight-run gasolines, the quantity of 
the acid is largely determined by the temperature at which 
treatment is applied Usually this is convemently earned 
out between 70 and 90° F , but when heavy treatments are 
necessary for any special reason it is better to operate at a 
much lower temperature For average gasohnes, however, 
cooling IS costly and uneconomical High treating tem- 
peratures tend to cause discoloration of the fimshed 
product 
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For the production of kcrosincs, particularly those 
derived from naphthenic base crude oils, a prelimuiary 
extraction with a selective solvent is to-day employed in the 
larger modem refineries to remove the hydrocarbons 
responsible for poor burning qualities In the older pro- 
cesses this IS eflTected by a heavy acid treatment using 
fummg acid at a comparatively high temperature, condi- 
tions favouring the sulphonation of the undesirable con- 
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A recent modification of this method employs liquid pro- 
pane as the solvent 

The asphalt or resin content of the lubricating oil exerts 
a considerable effect upon the ease with which settling takes 
place It has been found that highly solvent-treated oils 
practically free from asphaltic and resinous bodies on acid 
treatment can only be settled with considerable difficulty 
and even centrifuging is not always successful in such cases 
The treatment of such oils as transformer and 
medicinal oils where the removal of the sludge- 
forming components is essential, is carried out at 
comparatively low temperatures (60-95° F ) using 
several batches of fuming acid These oils are, of 
course, low viscosity products and the sludge, which 
IS not generally viscous, settles easily and rapidly 

Time of Contact. 

The time of contact between the acid and the oil 
IS of considerable importance, the relative impor- 
tance depending upon the nature of the oil While 
tor the lighter straight distillates increased time of 
contact is advantageous rather than otherwise, for 
cracked products and lubricating oils an excessive 
contact time not only results in poor colour stability 
but frequently poor colour in the finished product 
as well This is especially true for temperatures 
above the optimum, although in carefully controlled 
counter-current systems very long times of contact 
Fic 1 Curves showing the etrcct of temperature m the acid refining of may be maintained without ill effects 
crai^ed distillates (Trusty and Pierce) , . „ , The actual period during which the oil and acid 

{Reproduced bv permnnon from Pruuiphs of Motor tucl Prtparalion and ___ k., „ 

Apphai/ion', b\ A w Noih and D A Howei Chapman <s Hall) contact IS determined by a number of con- 



stituents Even so, too high a temperature is undesirable 
since the colour is badly affected and redisttllation becomes 
necessary In practice the limiting temperature is usually 
m the region of 1(X)° F 

While a higher treating temperature generally results m 
a much greater rate of settling in the case of viscous oils 
owing to the decrease m viscosity, the opposite appears to 
hold true for certain kerosines Thus, according to 
Gurwitsch [6, 1932], the sludge from Californian and 
Gahcian kerosines settles more rapidly and completely at 
lower temperatures, this is not true, however, for Russian 
kerosines 

Lubricating oils are treated as a general rule at as low a 
temperature as possible, consistent with good settling A 
lower treating temperature has the advantage that the 
quantity of acid is not nearly so critical, a much larger 
treatment being possible without deleterious effects at a 
lower than at a higher temperature The usual treatmg 
temperatures for various lubricating oils are given in the 
following table (Kauffman [9, 1927]) 

Heavy residual stocks require much higher temperatures 
owing to their high viscosities, temperatures as high as 
130-170“ F and even higher being necessary 

Too high a treating temperature for lubricating oils 
results in discolorized oils which cannot as a rule be un- 
proved by further acid treatment although subsequent 
treatment with adsorptive earth is sometimes effective 
On the other hand, too low a temperature may give a dark 
colour owing to incomplete settling The viscosity of heavy 
oils may be overcome by dilution with a low viscosity dis- 
tillate, such as a naphtha, before treatment The disadvan- 
tageof this method of operation is the difficulty expenenced 
m removing the solvent without undue heating of the oil 
although this can be readily effected under reduced pressure 


sidcrations such as the degree of agitation, the time 
requu^d to obtain the necessary intimacy of contact the 
speed of the reaction, the method of adduig the acid and 
the rate of settling The ease with which efficient contact is 
obtained is, of course, dependent upon the product and the 

Table VII 

Treating Temperatures for Lubricating Oils {Kauffman) 

yi\coiUy of oil I Temperalure of 
nt inn° p ' 0,1 ..H 


70-80 
80-90 
85-9S 
90-100 
95 105 
lOO-tlO 
105-115 
110-120 
110-120 
115-125 


form of agitation employed Very rapid intimate mixing 
can be obtained by passage through a centrifugal pump 
and this may be sufficient for gasoline treatment A com- 
paratively viscous product such as a lubricating oil agitated 
by air at a comparatively low temperature requires, how- 
ever, a considerable time before contact is sufficiently 
thorough While inumate contact for a short period of time 
IS sufficient for the treatment of certain products, this is not 
always so and it may be necessary to mamtam the reactants 
in contact for a relatively long period depending upon the 
speed with which the reaction proceeds Thus, the removal 
of aromatic bodies by sulphonaUon requires a much longer 
tune than the polymerization treatment of a cracked gaso- 
Ime Any factors, therefore, which affect the speed of the 
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reaction such as acid strength and temperature influence 
the tune of contact necessary to produce any definite degree 
of refining 

It IS thus obvious that the time of contact is dependent 
upon a number of considerations, one of the most impor- 
tant of which IS the form of treating equipment employed 
In general, prolonged agitation of oil and acid is regarded 
as harmful Accordingly for the treatment of cracked dis- 
tillates arrangements are usually provided to ensure lapid 
intimate contact of acid and oil with quick removal of 
sludge Walton[18, 1936], however, points out that there is 
ample laboratory evidence to show that, provided the tem- 
perature is not allowed to exceed a certain limit, the longer 
the time of contact the better the quality of the treated 
oil and the less acid needed for the treat This observation 
IS confirmed by the excellent results which are obtained 
with both liquid- and vapour-phase cracked distillates in 
the refineries of the Anglo-lranian Oil Company, Ltd , 
using Holley-Mott type treating equipment in which the 
time of contact is in the region of one hour As a rule, 
however, as short a contact time as possible is preferred 
varying from minutes to seconds or even less, as, for ex- 
ample, when a centrifugal contactor is employed to provide 
agitation and is followed immediately by a centntuge to 
withdraw the sludge Pierce [13, 1930] found that 3 5 
minutes’ contact gave the most satisfactory results foi with 
a longer time, although the sulphur content was reduced, 
the colour was impaired and more corrosive acid lormcd on 
re-running 

Walton [18, 1936], on the other hand, states that, when 
fresh 66" Be acid is injected directly into the distillate and 
the sludge withdrawn immediately, the minimum time of 
contact depending upon the intimacy of mixing will range 
from 30 see to 1 min For modern recirculation treaters 
this IS probably nearer 10-20 see 

The acid treatment of lubricating oils generally requires 
at least 30 mm agitation although periods of 1-2 hr are 
usual in practice (v Bibra [2, 1922]) Prolonged agitation 
IS usually harmful owing to the tendency for the hydro- 
carbons, &c , present m the sludge to polvmeri/e, and with 
part of the sulphonic acids, to redissolvc and discolour the 
oil Since these oil-solublecompoundsarcmainlysulphonic 
acids, their presence in oil tends to cause emulsification 
during alkali treatment 

When acid and oil have been in contact for the desired 
period either agitation is stopped and settling allowed to 
take place i/i situ or the oil with the acid in suspension 
allowed to flow out and settle elsewhere During the 
settling period, although contact between acid and sludge 
may not be good, reaction may still proceed and the bad 
effects of prolonged agitation result It is consequently 
necessary to take the settling period into account and if 
necessary provide means to hasten it, for example by 
centrifuging 

Apart from the desirability of separating the sludge as 
rapidly as possible to prevent further reaction or solution 
complete separation is usually necessary to facilitate further 
operations and reduce subsequent treatment costs This 
IS vrell illustrated in Table VIII which shows the variation in 
alkali consumption for neutralization of a kerosine with 
setthng time (Cupit [4, 1928]) 

Thus incomplete settling may result in a very material 
increase m alkali during neutralization with consequent 
resolution of undesirable compounds produced by hydro- 
lyns of the sludge with the soda On the other hand, too 
prolonged settling in contact with sludge has on occasions 


also been observed to have an adverse effect For example, 
fresh kerosine-aad sludge on standing separates a con- 
siderable amount (up to 20% by volume) of highly sul- 
phurous oil which passes back into the oil, thereby 
considerably affecting its sulphur content and colour 
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1 1C 2 Curves showing the effect of time of contact in the acid 
rchning of cracked distillates (Trusty and Pierce) 

{Riproduiedhv pernu^uon from' jPrmctplei of Motor tufl Prepara- 
tion and Appluation' by A W Nash and D A Howes Chapman 
Hall) 

Whether this is due to subsequent reaction between acid 
and sulphur bodies in the acid sludge or some form of 
adsorption phenomenon is not known Settling is, of 
course, dependent upon the viscosity of the oil and the 
nature of the sludge Although gasolines are generally 
satisfactonly settled in a short period, it is often observed 
that cracked distillates frequently continue to deposit an 
acid material for many hours 

Table VlII 

Si tiling lime, ' N NaOH /icr 
hours I JOO cc oil ( c 
0 5 I 10 

10 9 

15 I 7 


Lubricating oils, depending upon their viscosity and the 
settling temperatures, may require a very considerable 
penod unless, of course, recourse is had to centrifuging or 
when a clay or other adsorbent earth treatment is given 
Although as efficient settling as possible is to be preferred. 
It IS not essential 

Method of Agitation. 

The physico-chemical influences in an agitator or other 
plant in which chemical reaction takes place between 
reactants which are present in two immiscible liquids has 
not been thoroughly studied In most cases, and particu- 
larly when treating hydrocarbon oils with solutions of 
electrolytes, the reaction may be considered to take place 
in only one of the phases, usually that containing the 
electrolyte Thus, according to Docksey [5] in the case of 
treatment of oil containing a compound A which reacu 
with sulphuric acid to give a product soluble in the acid 
phase the controlling factors are 
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(1) The rate at which the compound A diffuses across 
the mterface between the two phases 

(2) The reaction velocity between A and the acid in the 
acid phase 

The rate of diffusion depends on the area of interface 
between the two phases, the coefficients of diffusion in the 
two phases, the film coefficient, and the concentration of 
A in the two phases on either side of the film The rate of 
reaction depends on the reaction velocity constant and the 
concentrations in the acid phase of the reactants and pro- 
ducts, following the Law of Mass Action 
The two factors arc not independent of each other since 
both depend on and affect the concentration of A in the 
acid side of the interfacial film It frequently occurs, how- 
ever, that one factor controls the overall rate of reaction to 
the exclusion of the other Thus, if acid is used in excess 
and the rate of reaction in the acid phase is high, the rate 
of diffusion will be of major importance 
Again, the various factors affecting the rate of diffusion 
are not all of equal importance The rate of diffusion of 
A m the bulk of the continuous phase is not of great im- 
portance since the general agitation tends to produce a 
uniform concentration throughout this phase The rate 
of diffusion of A or of the products of reaction from the 
interfacial surface to the interior of the particles of the 
contmuous phase may have to be considered, since the 
amount of stirring inside a sphere of liquid may be small 
and decreases as the diameter of the sphere is reduced 
A further factor which may have to be considered is the 
back diffusion of the product of reaction from the acid to 
the oil phase, should it be appreciably soluble in the latter 
If there are two compounds A and B both capable of 
reacting the overall reaction rates in each case depend on 
the above factors, and it may be possible, for instance by 
adjusting the acid concentration, to vary the relative rates 
of the two reactions should it be found desirable to do so 

Various devices have been employed for bringing the oil 
and acid into the necessary degree of contact Not all of 
these have, however, been universally adopted and com- 
paratively few, cheap to install and operate, are in general 
use 

While mechanically operated agitators have not been 
widely adopted they are being used to an increasing extent 
since the development of improved alloys and acid-resisting 
compounds for the acid treatment of the lighter distillates 
As a rule they consist of a turbine or propeller immersed in 
the hquid and rotated at a speed sufficient to give the de- 
sired mixing The Hollcy-Mott system employs, however, 
a carefully designed paddle, the efficiency of which is 
determined by its position in the treater and the speed of 
rotation, both of which are somewhat critical 
The commonest form of nuxer relies upon orifice mixers 
or mixing jets Several forms of mixing jets are m use which 
enable the acid to be dispersed in a very fine state Pressure 
drop m this arrangement is high but, since the pressure is 
borne by a pipe and not a large vessel, the high pressure is 
only objectionable from the pomt of view of pumpmg 
costs Mixing nozzles and orifices are also employed, 
through which oil and acid are forced at high velocity A 
very high degree of dispersion is attained by plying 
special devices in the path of the liquid It is stated by 
Walton [18, 1936] that such systems are objectionable in 
an aad treater on account of the difficulty of settling and 
separatmg Iqiectors which secure the necessary mixing 
by drawing the acid into the oil stream, are, however, free 


from these objections and give excellent results Such 
rejectors are cheap to make and can be adjusted to give 
various acid/oil ratios 

Another common form of mixing device relies largely 
upon the mixing obtained by the passage of the reactants 
through a centrifugal pump Incorporated re a recirculat- 
ing system this form of agitation gives good results and has 
been widely adopted It is essential that the capacity of the 
pump be sufficiently large to ensure that the whole contents 
of the treater pass through it at frequent intervals for 
otherwise the treating time is much prolonged Thus, for a 
1,000-bbl agitator a pump having a capacity of at least 
1,000 gallons per minute is desirable By providing the 
necessary connexions (cf Morrell and Bergman [1 1, 1928]), 
two or more batch agitators fitted with centrifugal pumps 
may be used as a semi-continuous treating system 

Too intimate mixing appears to be undesirable because 
when the acid is in a very fine state of dispersion the rate and 
efficiency of settling arc low The extremely intimate mix 
produced also tends to bring about increased combination 
between the acid and the oil It has further been observed 
that the treated oil is much more difficult to free from acid 
‘pepper', especially is this true of high-temperature cracked 
distillates or other highly unsaturated products On 
neutralization the esters present are converted into sodium 
salts which remain in suspension and decompose during 
re-ninnreg to produce acid products, mainly sulphuric acid 
and sulphur dioxide These not only corrode the system 
but cause oxidation and sulphonation of the overhead 
leading to high gum contents and fuel colour stability, 
especially in the presence of sunlight 

Forms of agitation which tend to give too high a degree 
of dispersion of the acid are, therefore, undesirable and 
those such as mixing jets or paddle agitators, which give the 
necessaiy contact and yet avoid high dispersion, are to be 
preferred 

Towers either packed with inert material, eg rings, 
coke, &c , or provided with baffies operating on a continu- 
ous system have been stated to give good results when 
properly designed Throughput rates are, however, small 
compared with their size 

A common form of agitation which has at times been 
employed for all products ranging from gasolines to heavy 
residual stocks is by means of compressed air This pro- 
vides agitation which is thorough, rapid, easy to control, 
and cheap to operate It has the disadvantage when treat- 
ing the lighter distillates that evaporation losses are high 
and there is a considerable fire hazard Furthermore, un- 
less steps are taken to dry the air employed there is a ten- 
dency for dilution of the acid to occur Drying can be 
effected by contact with acid tar or some form of air con- 
ditioning plant, or the air may be replaced with inert flue 
gases It IS, however, doubtful, whether agitation of this 
type IS much in use to-day for the acid treatment of lighter 
distillates and its use is confined to the treatment ef lubrica- 
ting oils With certain of the latter it has actually been 
claimed that compressed air gives better results than 
mechanical agitation There is, at higher temperatures, a 
defimte tendency towards oxidation and both temperature 
and tune of contact should accordingly be reduced as far as 
possible 

Final Treatment. 

The freshly acid-treated product invariably contains, 
beside a certain amount of sludge in suspension in which 
there is free acid, appreciable quantities of sulphur dioxide 
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together with sulphuric esters, both aad and neutral, and 
sulphonic acids in solution Some form of neutralizing 
treatment is therefore essential, combined in the case of the 
lighter distillates when insufficient acid has been employed 
to give a doctor negative product with some form of 
sweetening treatment Since with these products the end 
point is mvariably raised by acid treatment owing to the 
formation of polymers, condensation or oxidation pro- 
ducts boiling outside the desired distillation range, it is 
necessary to re-run or m some other way correct ihe boilmg 
range Furthermore, re-running of gasolme fractions has the 
added advantage that the traces of polysiilphidcs formed 
by the action of the acid on mercaptans which so adversely 
affect the lead response (Birch and Stansfield [3, 1936]) are 
also removed with the result that an appreciable improve- 
ment in octane rating is frequently obtained The extent to 
which higher molecular weight compounds arc formed is 
dependent upon the product for, while cracked distillates 
may form very considerable amounts of high boiling 
materials, the end point of straight distillates may be 
raised only a few degrees 

The removal of the sludge after acid treatment should be 
carried out as completely and generally as expeditiously 
as possible The desirability of efficient sludge removal is 
obvious, for not only are some ol the objectionable com- 
pounds previously extracted from the oil and held dis- 
solved in the acid thrown out of solution by the subsequent 
water or alkali wash, but the increased alkali consumption 
for neutralization substantially raises treatment costs 

The ease with which settling takes place is largely 
dependent upon the viscosities of the oil and the acid at the 
settling temperature and the interfacial tensions between 
them The method of agitation also plays an important 
part, for as mentioned previously finely dispersed acid 
settles with difficulty, particularly from highly cracked pro- 
ducts, while the presence of minute a/r or gas bubbles 
resulting from certain forms of agitation stabilizes the 
acid-oil suspension and hinders settling The lighter dis- 
tillates are generally settled in tanks having a comparauvely 
large area compared with their capacity Various methods 
for accelerating settling have also been employed particu- 
larly when prolonged contact through slow settling is 
harmful Centnfuging is generally effective in removing 
suspended sludge from both light and heavy products 
although it IS not always the case Centrifuges have been 
used for some time with considerable success with lubricat- 
mg oils, but until the recent developments in acid-resisting 
alloys they have not been adopted for the lighter distillates 
It IS clauned that when employed on cracked distillates not 
only are alkali costs reduced but less sulphur dioxide is 
formed on re-running the re-run stills also requue less fre- 
quent cleamng and the stability of the product is improved 

The lighter products may be freed from sludge by passage 
through a system containing a series of baffles, or better 
by percolation through filters contaming a bed of inert 
material such as sand The action appears to be purely 
mechamcal and consists in the agglomeration of the finer 
sludge particles to form droplets sufficiently large to settle 
rapidly According to Walton [18, 1936], reduction m 
acidity of about 400% is attained by the use of these 
filters, the consequent saving m alkali bemg sufficient to pay 
for their installation and maintenance Renewal of the 
sand from tune to tune is necessary, the average life being 
about SSO bbl per cu ft Grading of the sand particle 
si 2 es.is desuable to provide for pressure drop, coarse gravel 
or pebbles bemg used at the bottom Adsorbent earths such 


as fuller's earth have been tried and from the point of view 
of acid removal give good results The operating cycle is 
short, however, and the process consequently expensive 
The separation of acid tar is facilitated by the addition 
of a small amoimt of water, the procedure usually bemg to 
spray the surface of the oil while settling The dilution of 
the acid generally, however, reduces the hfe of the treating 
equipment (unless lead-lined) by corrosion and the practice 
has been largely discontinued Weak acid does very 
defimtely facilitate the removal of sludge and advantage is 
taken of this fact in the treatment of certain naphtha cuts 
in the continuom counter-current units operated by the 
Anglo-Iranian Oil Company Ltd The acid-treated oil 
leaving the last counter-current acid stage is allowed to flow 
mto a lead-lined vessel where it meets the spent soda from 
the succeeding neutralizauon stages Conditions are so 
arranged that in this intermediate stage the soda is com- 
pletely neutralized and the aqueous layer is actually 4N 
with respect to acid This arrangement has been found to 
give better results than an intermediate water wash alone 
While a water wash prior to neutralization is generally 
employed, there would appear to be some doubt concerning 
Its effectiveness Little if any improvement in the treatment 
of cracked distillates has been observed when a water wash 
IS used although the reduction m the alkali consumption is 
marked The hydrolysis of easily hydrolysable acid esters, 
which with alkali are at once converted into water-soluble 
salts and removed as such, may result in the formation 
of oil-soluble compounds detrimental to stability Water 
washing does, however, materially improve the odour of 
certain kerosines provided that the water itself has not a 
‘stale' odour This, it has been observed may be imparted 
to the kerosine and contaminate it 
For neutrahzation, caustic soda is most commonly 
employed, although for straight distillates, including gaso- 
line, naphtha cuts, and kerosine, lime water has proved 
cheap and effective Attempts to utilize lime water on 
cracked distillates have not been so successful owing to the 
tendency to form emulsions The strength of the caustic 
soda used for neutrahzation is preferably 3-4 by weight 
There is usually no advantage to be gamed from using a 
more concentrated solution although it has been found 
that in certain cases diakyl sulphuric esters are more easily 
removed by 23 6-28 5 % solution 
Neutralization is usually effected in a circulatory system 
using mixing devices, baffles, or injectors Centrifugal 
pumps and mechanical agitators are also employed The 
fine state of division which is so objecUonable in acid treat- 
ment IS here rather an advantage since, owing to the lack of 
mutual solubility, contact between the esters in the petro- 
leum layer and the alkali in the aqueous layer is poor Sett- 
hngis con veniently earned out in large storage tanks to which 
the distillate is pumped and allowed to stand as long as 
necessary Pierce [13, 1930] observed when treating certain 
cracked disullates the longer the storage time elapsmg 
between neutralization and re-runmng the better the colour 
of the finished gasolme and the smaller the amount of acid 
formed during re-runnmg Sand filters are very effective in 
agglomeraung the finely dispersed alkali, a comparatively 
small filter bemg necessary for quite large throughputs. 
According to Walton, unless the oil is freed from alkali and 
sodium salts in suspension, decomposition takes place m 
the re-run unit with the liberation of sulphur dioxide, free 
sulphur, and even sulphuric acid Frequently, too, a heavy 
deposit of coke is formed even though the maximum 
temperature of the still does not exceed 400-450“ F. 
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Decomposition of this type is not so noticeable in steam 
stills, but there is then a tendency for hydrolysis to take 
place and alcohols and other oxygenated compounds to 
find their way into the overhead 

The lighter lubricating oil fractions and gas oils are 
conveniently treated with hot caustic soda which enables a 
much quicker separation to be obtained As a general rule 
it IS customary to re-run the lighter distillate oils up to 
and including the gas oil, after acid treatment, for the 
reasons given previously, while the heavier fractions, in- 
cluding the lubricating oils, are finished with adsorbent 
earths Kerosines may be redistilled or treated with ad- 
sorbent earths depending upon which gives the more satis- 
factory results and is the more convenient Certain 
adsorbent earths, in particular bauxite, when correctly 
roasted possess sweetening properties also, owing to 
adsorbed oxygen and, besides removing traces of objection- 
able compounds from the kerosme by adsorption, oxidize 
and adsorb the high-boiling marcaptans together with other 
sulphur bodies They can, therefore, be employed for 
sweetening as well as desulphurization Heavily acid 
treated kerosines must be re-run owing to the relatively 
large amounts of high-boiltng material formed including 
possibly diphenyl sulphones 

With the object of avoiding re-running adsorbent earth 
treatment has been advocated by certain rehners for the 
gasoline fractions So far as straight-run gasoline is con- 
cerned there seems to be no objection other than the fire 
hazard and the difficulties invariably experienced in handhng 
solid reagents and recovering a volatile product from the 
spent material With cracked gasolines, however, although 
successful results have been claimed, it is doubtful whether 
there is much to be gamed over re-runnmg Allowance must 
be made for the rise in end-point normally occurring on 
the acid treatment of an unsaturated material and the raw 
distillate has accordingly to be cut at a somewhat lower 
end-point 

In the re-running of cracked products it is desirable to 
operate at as low a temperature as possible to avoid decom- 
position of the sulphuric esters which is accelerated by high 
temperatures 

The factors determining sulphur dioxide formation have 
been carefully studied by Rigden [16, 1933], for an acid- 
treated Iranian pressure distillate It was found that while 
sulphur dioxide formation is negligible below an oil tem- 
perature of 275"’ F decomposition is most marked between 
320° and 370° F Over this range during which 21 % dis- 
tilled overhead, 63% of the total sulphur dioxide liberated 
was evolved At 420° F sulphur dioxide formation was 
vomplete Other factors affecting sulphur dioxide forma- 
tion were the concentration of the acid used in the treat- 
ment together with the Ume of contact and temperature at 
which it was carried out Acid concentration had the 
largest effect while increase in temperature also resulted in 


increased sulphur dioxide formation as shown by the 
following figures 

Table IX 


Acid concent ra- Ti m/it raturi , 

twn, % I "f 

96 I 60 

80 I 60 


I Sulphur dioxide lb 
I SOj per gal 
0 2S 

' 0 029 


96 I 120 ' 044 

80 j 120 0 094 


The relationship between time of contact and sulphur 
dioxide formation was linear with the contact times investi- 
gated Rigden also observed that a thorough caustic wash 
did not always reduce sulphur dioxide formation 

To overcome corrosion of the distillation equipment, 
caustic soda or soda ash is frequently fed in with the feed 
stock The addition of a soda ash-soap solution with the 
reflux at the top of the column has also been stated to give 
satisfactory results, owing to the presence of soap the alkali 
remains in a finely dispersed condition and is consequently 
used to the greatest advantage The sodium salts arc run 
off with the bottoms and removed by settling 

Since even under comparatively mild conditions there is a 
tendency for sulphur bodies to break down or any free 
sulphur present to react with the oil and produce a doctor 
positive product, it is usually necessary to complete the 
treatment of lighter products which have been re-run with 
either an alkali wash, if hydrogen sulphide only is present, 
or a sweetening treatment with doctor or hypochlorite 
Kerosines or special naphtha cuts may be improved by 
filtration through an adsorbent which by removing minute 
particles of water held in suspension ‘brightens' and pro- 
duces a clear product 

With the possible exception of the lightest spindle oils 
which are sometimes finished with an alkali wash at 1 25° F , 
the transformer, lubricating, and special oil factions are 
finished after sludge removal with clay Neutralization is 
effected by adding hydrated lime together with the clay 
excepting when the alkalinity of the latter is sufficient for 
the purpose More recently high temperature clay treat- 
ment has been evolved which is particularly suited to sol- 
vent refined oils After a small acid treatment and removal 
of the sludge, the oil is mixed with special acid-treated 
clays and passed through a pipe-still In this way the 
temperature of the oil is rapidly raised to as high as possible 
without cracking taking place, usually about 600° F The 
pressure maintained on the still prevents the evolution of 
water-vapour from the clay and so avoids frothing The 
oil IS rapidly cooled and passed into a steam-stnpping 
section where the so-called ‘stmk oils' are removed 
Neutralization is effected at this stage by the addition of 
alkali (hydrated lime) after which the clay is removed by 
filtration 
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Refining petroleum products by chemical or solvent treat- 
ing usually involves one of the following operations 

1 Contacting an oil with a solution of a chemical re- 
agent or a solvent completely or partially immiscible 
with the oil phase 

2 Contacting an oil with a suspension of a chemical 
reagent, the reagent suspension being completely oi 
partially immiscible with the oil phase 

3 Contacting an oil with a solid chemical reagent 

By far the majority of chemical and solvent refining 
processes necessitate the contacting of two liquid phases 
usually oil and an aqueous solution in chemical treating, 
and oil and an organic solvent in solvent refining 

An example of the first type of contacting is treatment 
of oil with acid, caustic, or plumbitc solutions, or with 
nitrobenzene, phenol, or furfural for solvent refming 
Sweetening operations employing suspensions of chloride 
of lime and suspensions of lead sulphide in sodium hydrox- 
ide solution are examples of the second type of contact- 
ing, while neutralizing with solid magnesium hydroxide, 
sweetening with a powdered mixture of litharge, hydrated 
lime, and caustic soda, and earth or clay treatments furnish 
examples of the last type of operation 

After the actual contacting process has been completed 
the separation of two liquid phases or of a liquid and a 
solid phase is often necessary 

Physical Factors in Contacting 

The objective in contacting two immiscible liquid phases 
or a liquid and a solid phase in petroleum reiining opera- 
tions IS 

(a) to promote the rate of extraction of a substance from 
one phase by the other, or 

(fi) to promote a' chemical reaction between the phases 
or between substances in each phase In addition to 
hastening the reaction, by thorough contacting, 
undesirable side reactions are partially prevented by 
eliminating the danger of local excess of reagents or 
local overheating 

In a contacting process mass transfer and reaction 
rates are promoted by increasing the turbulence of 
the system and increasing the interfacial area by dis- 
persion 

The overall chemical reaction involved in a liquid-liquid 
system, for example, is controlled by two processes firstly, 
the diffusion of one of the reacting substances into the 
adjacent liquid phase and, secondly, the chemical reaction 
between this substance and the reagent already in solution 
in this adjacent phase Either the first or second process 
may control the overall reaction rate 

The rate of extraction depends only upon the diffusion 
of a substance from one phase to the other Extraction 
processes, and reactfon processes controlled by diffusion, 
are hastened by the promotion of the mass transfer rate of 
a substance from one phase to the other This rate of mass 
transfer can be increased by increasing turbulence and 


increasing interfacial contact area Extraction processes, 
and chemical reaction processes controlled by diffusion, 
are speeded up, therefore, by efficient contacting which 
increases turbulence and interfacial contact area 

A chemical reaction process not controlled by diffusion 
IS not hastened by efficient contacting Nevertheless, effi- 
cient contacting is still beneficial in this case in reducing 
undesirable side reactions by eliminating local excess of 
reagents and overheating 

In a two-phase system the degree of turbulence may be 
altered by varying the relative velocity and relative density 
of the two phases, and also by varying the viscosity ratio 
of the two phases, if both are liquids, or by varying the 
dimensions of the contacting apparatus [34, 1937] The 
interfacial contact area may be altered by varying the fine- 
ness of the dispersion of one phase within the other As 
shown in Table 1 the available surface area increases rapidly 
with increasing subdivision 

Table I 

Results of Progressive Subdivision of a Cube 
Length of edge Number of tubes 1 oiat surface area 

I cm 1 6 sq cm 

1 mm 1/10’ 60 sq cm 

0 1 mm 1 10" 600 sq cm 

0 01 mm IxlO* 6,000 sq cm 

00001 mm (1 m) I 10” 60,000 sq cm 

In a dispersion the continuous phase is the external 
phase, while the discontinuous or disperse phase is the in- 
ternal phase The particle size of the disperse phase, if small, 
IS measured in microns (1 micron = 1 jn 0 0()01 mm ) Dis- 
persions may be classified roughly by the particle size of the 
disperse phase as in Table 11 

Tabie II 

Rough Classifications of Dispersions 
Panicle sre of ! 

disperse phase \ Type of dispersion 

I mm upwards ! Macroscopic or coarse suspension 
1 M to 1 mm I Microscopic suspension or emulsion 

0 I M to I M I Colloidal suspension or emulsion 

OOOlMtoOlM I Colloidal solution 

Too fine a dispersion, as in an emulsion, is not, how- 
ever, always desirable owing to separation difficulties which 
may cancel any advantages gamed by the increased contact 
efficiency 

The physical factors, apart from equipment dimensions 
and design, which play a part m contacting operations are 

( 1 ) The viscosiUes of the hquid phases, and the apparent 
viscosity of any dispersion produced 

(2) The relative density of the two phases and the 
density of the contmuous phase 

(3) Surface tension 

(4) The diffusion coefficients of substances taking part 
in the extraction or reaction processes 

(5) The relauve proportion of the two phases 
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Viscosity. 

The viscosity of the liquid phases or of the dispersion 
produced determines the degree of turbulence which may 
be attamed The viscosity of a dispersion is not the same as 
the viscosity of a truly viscous liquid, but vanes with dif- 
ferent rates of flow The viscosity, at any given temperature, 
of a truly viscous material never changes, but the so-called 
apparent viscosity of all other types of matcnal vanes 
widely with variation of stirrmg speed or rale of flow 
When a dispersion is being product the initial and final 
viscosities may vary widely and consequently the con- 
tactor provided must be eflicient over the whole viscosity 
range The apparent viscosity is one of the most important 
factors determining power requirements The application 
of the Stormer viscometer, as used for determining app.aent 
viscosities of suspensions, to contacting problems appears 
to be promising Its use should aid m determining the type 
of contactor, speed and power requirements, to be employed 
for any particular contacting problem 

Density. 

Density has a bearing on the power requirements For 
systems of the same viscosity or apparent viscosity the 
power varies directly as the average density of the system 
at constant stirrmg speed m the same contactor For large 
density diflerences between phases great effort must be 
requir^ to overcome the tendency of the phases to separate 

Surface Tension. 

This influences the particle size in dispersions and the 
permanence of dispersions 

Diffusion. 

The ease of diffusion of reacting substances or substances 
to be extracted m liquid phases is important m determining 
contactmg efficiencies 

Rdative Proportion of the Phases 

At equal agitabng speeds contactmg efficiency is a 
function of the relative proportion of the two phases This 
is undoubtedly connected m some way with the apparent 
viscosity of dispersions For example, water and kerosme, 
both of low viscosity, when agitated m the ratio of four 
parts of oil to one part of water result m a thick, fairly 
viscous emulsion Four parts of oil agitated with one part 
of water result, on the other hand, m an emulsion only 
shghtly more viscous than the kerosme itself Wide vis- 
cosity and mterfacial area differences exist m these two 
systems which result m wide diflferences m contactmg 
efficiency at equal stirnng speeds 

Contact Methods 

Methods of contactmg which can be apphed equally well 
to either extraction, absorption, or chemical refining pro- 
cess fall mto three classes 

(1) Single contact processes 

(2) MulUple contact processes 

(3) Countercurrent contact processes 

In the smgle contact process, contact or mixmg is earned 
out m a smgle stage or operation After contact the two 
phases, usually two liquid phases, are separated The pro- 
cess may be carried out either by batch or continuous 
workmg In the latter case the two hquids are mixed 
contmuously m a mechamcal contactor or pumped con- 


currently through an orifice column and finally separated 
by centrifuges or by continuous settlmg 
The multiple contact method of workmg a refining pro- 
cess IS illustrated diagrammatically m Fig 1 Mixing and 



Fig 1 Multiple contact process 


separation of the treated and treating liquids is followed 
by contact of the treated liquid with fresh reagent This 
operation is repeated as often as required The method 
may be carried out m batches, or semi-contmuous workmg 
may be employed In the latter case the two liquids enter- 
ing each stage of a multi-stage process are mixed continu- 
ously in a suitable mixing device and finally separated 
either by centrifuges or contmuous settling The method 
finds its mam application as a laboratory or small-scale 
method and is seldom used commercially It is generally 
recognized that the multiple contact method is much less 
efficient than the countercurrent method of contacting 
The latter method, however, is not always practicable, 
particularly on the laboratory scale, although it can be 
readily applied by using a tower m place of a series of 
mixers, such towers, however, are generally equivalent only 
to a relatively small number of ideal mixers and arc not 
very satisfactory The multiple contact method, therefore, 
finds Its greatest application in the laboratory and, whcie 
drastic restriction in the volume of treaUng agent employed 
IS seldom essential, can be used very eflectively It is ofien 
desirable, however, to reproduce countercurrent eficcls 
m the laboratory without an extensive outlay of time and 
equipment Such an effect can be reproduced very simply 
with ordinary laboratory apparatus by an extension of the 
multiple contact method The process, called ‘pseudo- 
countercurrent contact’, was first developed by Watanabe 
and Monkawa [39, 1933] 

Die method is illustrated diagrammatically in Fig 2 In 

Fig 2 Pseudo-countercurrent contacting 

this example a countercurrent process is simulated m which 
F volumes of treated liquid is contacted with fV volumes of 
reagent inn stages The first horizontal row in Fig 2 shows 
the multiple contactmg of F volumes of treated liquid in it 
stages with W volumes of reagent at each stage. In every 
row, which lies below the first row, F volumes of 



EQUIPMENT FOR CHEMICAL AND 
treated liquid are contacted at each stage, n, with W 
volumes of exit reagent from sUge (n+ 1) of row If 
such a series is infinitely repeated, it approaches more and 
more closely to the true countercurrent effect 
The utility of the countercurrent method of operation is 
uni versally recognized, and it has been widely employed in 
many processes, notably in distillation, absorption, leach- 
ing, washing, extraction, and chenucal operations 
In this method the liquid to be treated is contacted with 
treating liquid which has been employed in a previous con- 
tact stage, except that in the final stage of the process the 
treated liquid is contacted with fresh reagent This effect 
IS most readily produced by causing the two liquids to flow 
continuously and countercurrently through a suitable 
vertical tower The method may also be applied by con- 
tacting and separating in stages, the mixers and separators 
so employed being provided with suitable cross-connexions 
to ensure countercurrent flow of the two liqiuds 
The above methods are most easily applied for contacting 
two liquid phases, but can also be used for contacting a 
liquid and a solid phase 

Of the three contacting methods the countercurrent 
method is the most efficient, and by its use the same degree 
of refining can be obtamed as in the other methods, but 
with the employment of smaller quantities of treating 
reagents 

While computations for extraction processes employing 
any of these three contacting methods have been worked 
out, no attempt has yet been made to develop quantitative 
computation methods for forecasting the results from a 
chemical refining treatment Meyer [26, 1931], however, 
has indicated a method by means of which the problem 
might be attacked and has applied his method to the re- 
moval of weak organic acids from oils by treatment with 
caustic alkali Jantzen [22, 1932] has described very 
similar computation methods to those proposed by Meyer, 
while MdcMullm and Weber [28, 1935] have discussed a 
theory of continuous reactors Reaction computations are 
nearly identical with extraction computaUons, a general 
discussion of which will be found in the article by Hunter 
on Principles of Solvent Extraction 

Equipment for Contacting Two Liquid Pluses 
Contactmg equipment does not yield itself readily to a 
ngid classification, but for the purposes of this article it can 
be conveniently divided into 

1 Mechanical mixers 

2 Jet contactors 

3 Column contactors 

The first class comprises apparatus in which mtimate 
mixing of the two liquids is produced by some mechanically 
operated device, such as a stirrer or propeller In the second 
class, both liquids are passed concurrently through an 
orifice or jet and intimacy of contact is obtamed between 
the two phases in consequence of the turbulence produced 
in the liquid after it has issued from the orifice 
In the column contactor a senes of restnctions is intro- 
duced mto the flmd stream flowing up a verUcal column, 
with the result that a senes of turbulent regions is mam- 
tamed m the apparatus which serve to produce the desired 
contact 

Apparatus of the first class often aims at the producUon 
of fine dispersions, relying largely on an mcrease of mter- 
facial area to bring about the desired contact With equip- 
ment included m the last two classes, maximum turbulence 
UI 
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IS produced without much dispersion of phases, so that the 
efficiency of the device depends more on mcieasmg the rates 
of mass transfer and reaction by increasing the velocities 
of the liquid This can by no means be considered as a 
rigid generalization, however, since some types of jet and 
column contactors do give rise to dispersions and some 
types of apparatus in the first class rely mainly on hqmd 
velocity effects 

The degree of contact produced by a mechamcal mixer 
depends on the physical contact between the mgredients 
of the mixture and the mixer itself, or on turbulent flow of 
the two liquid phases The latter effect is usually most pro- 
nounced in the vicinity of the agitating elements, for liquid 
velocities are highest in that region A substantial part of 
the total power input is expended m bringing about this 
dispersion or intimacy of mixing, whilst the remamder is 
utilized m producing and mamtammg the necessary flow 

The production of the necessary flow m order to mix the 
two liquid phases uniformly and thoroughly is important 
Stratification and settling will render the results of an other- 
wise efficient contactmg apparatus quite worthless Unless 
both horizontal and vertical flows are suflicient, and unless 
all the material in the container is moved repeatedly mto 
the zone of action, whatever mixing, break-up, or dispersion 
takes place there will be completely nullified 

Contacting capacity cannot, with our present state of 
knowledge, be safely predicted on a theoretical basis It 
will depend on the type of contactor, its capacity and speed 
of operation Power consumption, which depends on 
similar factors can, however, be predicted approxunately 
by the use of empirical equations 

Mechanical contacting devices may be subdivided into 
four fundamental types The oldest and best known form 
IS the simple paddle mixer All such mixers have flat or 
angled blades, which usually are driven at low speeds, with 
Up velocities ranging from 75 to 350 ft per minute 

A second fundamental type includes all contactors which 
rely on a pump located outside the contamer This is 
usually a centrifugal pump drawmg material from the 
conical bottom of a tank and returning it to a different 
point of the container 

The third general type includes all kinds of propellers 
As propellers produce a high rate of shear when rapidly 
rotated, they are extremely useful for dispersmg immiscible 
liquids Propellers may be mounted either smgly or in mul- 
tiple on a shaft They may produce either unidirecUonal 
or opposed flow, and arc often set within a draught tube or 
mounted off-centre in the tank to prevent mass rotaUon 
Their peripheral speed usually ranges from 1 ,000 to 2,000 ft 
per minute 

Turbine mixers form a fourth type, and are similar to 
centrifugal pumps, but without casings, being arranged to 
rotate horizontally withm a tank on a single vertical shaft 
They may or may not be provided with deflecting blades 
round the impeller to prevent swirl and promote radial flow. 
A typical apparatus is a dish-bottom tank, with two or 
more impellers on one verUcal shaft, driven at a peripheral 
speed of 600-900 ft pernunute Because of the large rate 
of circulation, over 12,000 gal per mmute in a 500-gal 
treater, and the high degree of dispersion and intimacy of 
contact produced, such turbine mixers are very efficient 

Blade corrosion of paddles, propellers, and turbines in 
mechanical contactors can be reduced by the construction 
of such equipment out of bakelite or a suitable metal alloy 
Agitation by this type of equipment is satisfactory in batch 
systems, but suffers from the disadvantage of requiring a 
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packing gland when used for continuous systems At the 
low pressures usually existing m a contmuous treating 
system glands have, however, been employed which will 
give long service without trouble 
The use of mixmg jets to promote contact between two 
liquids IS a development of rapidly increasing importance 
Their efficiency, combined with low cost and small back- 
pressures all favour their adoption for this purpose 
The simplest type of jet consists of a small tubular con- 
striction fixed mside a pipe of larger diameter, through 
which the two liquids to be contacted are pumped A 
typical jet is illustrated m Fig 3 


A system of jets can be readily arranged t( 
oil ratio of as high as four to one 




Fio 3 


An important matter to be considered in the design and 
installation of mixing jets is the introduction of the treatmg 
agent into the stream of liquid being treated A very satis- 
factory method is to use an elbow jet 
installed in a tee just ahead of the first 
mixing nozzle as in Fig 4 This tec 
delivers the treating liquid into the centre 
of the second liquid stream Improved 
performance is obtained if the treating 
liquid enters the second stream through a 
perforated pipe situated immediately in 
front of the first mixmg nozzle Flexibility 
IS obtamed by using two or more jets and 
vaiymg the space between them and also 
by vaiying the rate of flow of the treating 
liqmd, which is best accomplished by using 
proportionmg pumps of the plunger type 
Other types of jet mixers consist of a 
simple Venturi tube or a number of smaller 
tubes in parallel, whilst a jet and plate 
device may be used, in which a jet is dis- 
charged at high velocity through orifices 
to impmge against a flat plate It is doubt- ea-ur 

ful if much turbulence is produced m the 
latter type of equipment, since a jet of 
liqmd impinging on a sohd surface tends to glide along the 
surface in a thin stream unUl it reaches the boundaries, 
where it leaves approximately tangential to the surface 
Jets function w^ for acid treatmg m furnishing large 
ratios of acid to oil without producing a high dispersion 


The principle of column contactors depends on the 
creation of successive zones of turbulence or dispersion in 
the hquids flowing through the column by means of bends, 
orifices, or obstructions introduced mto the path of the fluid 
When the column is used purely as a mixing device, both 
liquids are passed through it concurrently, and issue from 
the discharge end in a state of dispersion dependent on the 
efficiency of the apparatus 

One of the simplest types of column contactor is the 
baffle-plate column (Fig 5), which is not an efficient mixer, 
but may be used to maintain a dispersion by recirculation, 
and may also be used as an auxiliary mixing element It has 
the advantage, however, of causmg only a small decrease 
in pressure A 6-in diameter column, for example, fitted 
with 20 baffle plates 1 ft apart registers a decrease in pres- 





Fig 5 Baffle and onfice plate columns 

sure of 10 lb per sq in with liquid flowmg at 7,000 gal 
per hr 

An extension of the baffle-plate device is the use of 
column packmg such as Ra^g rings, crushed rodt, 
screened gravel, or coke. Such packed columns are relatively 
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cheap, and easily constructed, usually from a few lengths of 
pipe packed with some convenient filling As a rule, they 
are more efficient than the baffie-plate column, and give 
good results with a comparatively low drop m pressure 
Gravel, quartz, and coke packmgs plug rather easily, and 
ring fillings are on the whole more satisfactory 
A special packing which has the property of acid wetting 
m preference to the oil is sometimes employed for acid 
treating No precise information on the design of packed 
columns or baffle-plate columns for bringing about contact 
or reaction in liquid-liquid systems is available Design is 
usually based on pressure drop Morrell and fiergman 


contact between two liquids Intimate contact between the 
fluids IS obtained by pumping them together in the proper 
proportion through a senes of perforated plates in a length 
of pipe as in Fig 5 The energy of the high-velocity jets 
issuing from the orifice is dissipated in the formation of 
eddies, giving the contact required Relatively low liquid 
velocities are used in this type of column, a velocity of 0 6 ft 
per sec being quite usual A high drop m pressure between 
each plate is necessary to obtain efficient dispersion, the 
orifice area being usually divided into several small holes 
rather than one large one The normal drop in pressure 
per plate is about 2 lb per sq m , and since IS to 20 plates 



[27, 1928] discuss the pressure drops found by experience 
to be most suitable for different refining treatments, while 
White [40, 1935] and Chilton and Colburn [9, 1931] give 
data enabling pressure drops of fluids flowing through 
packed columns to be calculated 
The recommended equation of Chilton and Colburn is 
^ 0 005X1/' Afpv^L 

-D, 

where Ap is pressure drop m lb per sq in , /' is a friction 
factor dependent upon Dpvp/p and may be obtained from 
Fig 6 where the relationship is plotted At is a wall effect 
factor plotted in Fig 7 as a function of 
packing element diameter 
column diameter 

P IS the average fluid density at column entrance and exit in 
lb per cu ft , v is average fluid velocity corresponding to 
density p over the total cross-section of the column, L is 
the length of the packed porbon of the column in feet, and 
Dj, IS the average diameter of the packing elements in 
inches In the case of hollow packmg elements the friction 
factor obtamed from Fig 6 must be multiphed by a cor- 
rection factor from Table III 
One of the best types of mixing columns is the onfice 
column, which has proved very satisfactory for making 
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are required in an efficient column, a total back-pressure of 
30 to 40 lb per sq in is set up, exclusive of the liquid head 
upon the column This high back-pressure is a defimte dis- 
advantage of this type of equipment, and is certainly large 
when compared to the back-pressure prevailing in appara- 
tus of the jet class 

Table III 

Correction Factors for Hollow Packing Elements 
I 1 j Correction factor 

, Dimenmm \ \ Turbulent Viscous 

rument On) \ D, \ flow flow 

Rawing rings 1x1x0 014 ' 1 0 i 0 28 0 5 

Glass rings 0 49x045x003 , 047 < 044 0 6 

Glass rings 0 39 x 0 38 x 0 03 0 39 i 0 44 0 6 

Glass rings 0 23 x 0 22 x 0 03 j 0 23 { 0 84 0 9 

Tnangular rings 1 75x02x02 |17S| 02 04 

The conventional onfice formula Q = CA-J{1GH) may 
be used to design orifice type mixers, where 
Q = hquid quantity m cu ft per sec , 

C = coefficient (0 61 for small-diameter orifices), 

A = area of onfice, sq ft , 

G =- gravity acceleration = 32 2 ft per sec , 

H = head of hquid in feed 
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of column is adaptable only to limited conditions and that 
with an inadequate flow of descending liquid the latter 


An adaption of this formula in more convenient terms is 
Gj = 18 26 ZPVH, where 

Qj — flow m barrels per hour, 

D = diameter of oriflce m inches, 

H -= head of liquid m feet 

Experience has shown that a total pressure drop through 
an orifice column of 30 lb persq m is satisfactory for acid 
treating, while a total pressure drop of 15 lb per sq in is 
sufficient for plumbite or caustic treating 

A second and important 
type of column contactmg 
equipment may be employed 
forobtaimngcontact between 
two liquid phases without the 
production of a dispersion of 
one phase within the other 
Here, the two liquids flow 
countcrcurrently through the 
apparatus, and turbulence 
in both phases together with 
the formation of new surfaces 
of contact is produced by the 
use of some special form of 
plate or tower filling 
The simplest column con- 
sists of a plain tower m which 
a level of one liquid is main- 
tained automatically, and 
through which the second 
liquid IS sprayed downwards 
The efficiency is greatly un- 
proved by the introduction of 
tower packing, usually per- 
forated plates or Raschig 
rings, the function of the 
fillmg being to promote tur- 
bulence and mcrease the in- 
terfacial area 

An example of this type 
of contacting column is illu- 
strated m Fig 8 The column shell is divided into several 
vertical sections by means of horizontal perforated plates 
A pipe extends downwards from each plate for a length far 
enough to permit the accumulation of a layer of the heavier 
liquid of sufliaent depth to provide a difierential head 
which will transfer it to the next section The lighter liquid 
passes upwards through the perforations in the plate and 
through each heavier liquid layer in fine drops, reuniting to 
form a liquid layer before passmg through the next plate 
The level of heavier hqmd is maintamed constant by means 
of a float regulating device connected to a valve in the out- 
let hne By reversing the vertical pipes, the heavier liquid 
can be made to pass down through the perforations and 
fall m fine drops through the lighter hquid layer 
A very similar type of contacting column, widely used 
on the ConUnent, consists of a number of perforated plates, 
which do not, however, fill the whole of the column cross- 
section, but are placed one above the other m segments 
Thenumber and size of the perforations aresoadjusted that 
the hquid descendmg the column is dammed up above each 
plate until it reaches a certain height, when it flows through 
the perforations m a number of thin streams on to the next 
lower plate, where the process is repeated, and so on, until 
the last plate is reached The liquid ascendmg the column 
finds Its way out around the plate The behef that this type 


would fall through the column in a direct stream, or that 
at high velocities of the liqiud it would flow around the 
plates, appears to be erroneous 
The design of countercurrent columns for liquid-liquid 
extraction purposes has been mvestigatcd by Hunter and 
Nash [19, 1932], and Varteressian and Fenske [37, 1936], 
Meyer [26, 1931], Jantzen [22, 1932], and Happel and 
Robertson [12, 1935] have discussed the design of liquid- 
liquid countercurrent columns for carrying out chetmeal 
treating processes The work of Happel and Robertson is 
undoubtedly the most scientific and noteworthy attempt to 
devisea design method forchemical treatingplant It will be 
discussed in detail later on in this article The rate of 
reaction involved in a chemical treaUng process may be con- 
trolled by either the diffusion of one of the reagents or by 
the chemical reaction involved In the first case the design 
becomes similar to that for a pure extraction process The 
second case has not yet been investigated, although an 
mtercstmg theoretical discussion of this case is given by 
Davis and Crandall [10, 1930] 

Mechanical and jet mixers and columns employing con- 
current flow can readily be used for single contact processes 
When employed for the successive or countercurrent 
methods of contact, several such devices must be coupled 
together, with any convenient form of separator, by suit- 
able cross-connexions to produce the required successive 
or countercurrent type flow 

Efficiency of Liquid-Liquid Contacting Equipment 
In order to select the most suitable contacting equipment 
the various types should be compared on a standard 
efficiency basis Unfortunately, however, practically no 
information of this character is available, and m conse- 
quence the comparison of equipment types made here, 
though employing all the published information obtainable, 
IS unavoidably indirect in character 
Practically no investigauons have been carried out to 
determine the efficiency of mechamcal mixing devices in 
producing contact between two immiscible liquids, although 
the efficiency of such apparatus when used for mixmg two 
miscible liquids and for the dissolution of a sohd m a liquid, 
has been investigated Wood, Whitemore, and Badger 
[46, 1922], and also Badger and McCabe [2, 1931], invesu- 
gated the time for complete mixing of a saturated salt solu- 
tion and water at different stirring speeds in a 600-gal 
tank, 5 ft high by 5 ft diameter, provided with both plain- 
paddle and propeller-type stirrers The results of these in- 
vestigabons are summarized graphically in Fig 9 
Increasing the size of the plain paddle improved the 
mixing efficiency, whereas the addition of vertical baffles 
resulted in a marked decrease m performance Greater 
rapidity of mixmg was attained with the plain paddle com- 
pared with the propeller A definite advantage was also 
gamed by increasing the distance between the stirrer and the 
bottom of the vessel and also by lowering the water-level 
The efikiency of a mechamcally propelled paddle 
agitator for the production of a suspension of sand in water 
has been studied by White, Summerford, Bryant, and 
Lukens [45, 1932], who confirm the conclusion of Badger 
and bis colleagues by findmg that uiuformity m the con- 
craitration of suspended sohd is approached most closely 
when the paddle is near the liquid surface 
A good deal of work on the efficiency of mechanically 
propelled agitators for contactmg a sohd and a liquid 
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acetic acid solutions, records that extraction efiBciency as 
high as 100% for mechanically stirred contactors can be 
readily obtained 

Table IV 

Overall Stage Efficiency for Air- Agitated Stage 


phase has been published which is applicable to the present 
case of liqiud-hquid contact This, however, is fully dis- 
cussed later in connexion with the efficiency of liquid-solid 
contacting equipment 

The efficiency of a plain paddle stirrer for dispersing 




TIME FOR COMPLETE MIXING. SECONDS 
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water and lubricating oils has been examined by Herschel 
[14, 1917], and experiments were made on lubricating oil 
and aniline by Hunter and Nash [21, 1936] In chemical 
treating processes the greater the efficiency of dispersion 
attained, the greater will be the contact area between the 
two liquids, and hence the greater will be the contacting 
efficiency The results of these two investigations are sum- 
marized in Fig 10 In this hgurc the degree of dispersion 
is measured by the average rate of settling of the dispersed 
mixture, and obviously the slowest rate of settling indicates 
the most intimate dispersion It will be seen from Fig 10 
that efficiency increases with increasing paddle speed and 
with time of stirring up to 


These high efficiencies were obtained on a mechanical 
agitator, where both phases were contacted and then 
allowed to settle out in contact with each other, and where 
no continuous flow of the two phases took place in the 
agitator For mechanical agitators where continuous 
counter-flow of the two liquids actually occurs m the 
agitator very high performances can be obtained In 
reality such contactors are mechamcally agitated counter- 
current columns Jantzen [22, 1932] has mvestigated the 
performance of this type of equipment, and the results of 
his experiments are summarized m Table V 
It will be seen from this table that quite small contactors 
of this type are equivalent to a very high number of ideal 
stages litis affords an excellent illustration of a fact, not 
^nerally recognized by designers of hquid-liquid extraction 
equipment, that contactors of the mechanically agitated 
type should be constructed to allow, if possible, a con- 
tinuous counter-flow of both liquids through the region of 
agitation 

No work has yet been reported on the efficiency of a jet or 
nozzle either for mixmg or for chemical contacUng 
The only similar information with regard to concurrent 
type columns is some work carried out on the mixing of 
adjacent miscible liquid layers m pipes [32, 1911] The 



d critical pomt of maxi- 
mum efficiency, after 
which an mcrease in cither 
of these variables results 
in a decrease of efficiency 
The efficiency also in- 
creases with increasing 
raUos of treating liquid 
to oil, and agam passes 
through a critical pomt 
In Table IV the variation 
of the overall extraction 
efficiency with solvent-oil 
rauo for the solvent 
extraction of different 
lubricating oils with nitro- 
benzene at 10° C IS given 
for air-agitated mixers 
[20, 1935] These results confirm the fact that contacting 
ofliraency increases with decreasing treating hquid/oil ratio 
Othmer [29, 1934], m discussing the solvent extraction of 
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mixmg effect was measured by the percentage length of 
pipe over which admixture had extended, and was found to 
mcrease with the diameter m similar pipes at similar fluid 
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veloaties, that is, the mixing increases with increasing 


Table V 

Contacting Efficiency of Mechanical Agitators 



40 cm wide SO cm Ether solution Dilute 
long with double of (luinolioe soluUon 
stirrer, mixer arms , and Ito- ofHCI 

moving in opposite | quinoline 


n test 1, but 12 ' Ether solution Dilute 


Some f 


^penments on the removal of phenols 
from water by extraction with benzol were carried out 
by the Koppers Company [24, 1928] m a column of 0 90 
metre diameter, both empty and filled with perforated 
plates The results obtained agreed very well with those 
for the 2-metre diameter tower reported in Table VI 
Using perforated plates as packing, the ideal stage equiva- 
lents of this tower for the removal of phenol and the 
three cresols from aqueous ammonia liquor are given in 
Table VII together with similar data obtained by a test 
run earned out by the author on a commercial plant oper- 
ated m England 

It will be seen from the figures in Table VII that the 
efficiencies for both these towers are very poor, each of these 
tall towers bemg only equivalent to 1 or at the best 2 ideal 
contacUng sUges Judging from these data the counter- 
current contacting tower compares very unfavourably with 
the mechanically agitated type of contacting device where 
one actual stage was almost the equal of an ideal stage 


3 I As in test 2, but Phenanthrene Methyl 2 4 4 

stirrers lengthened in petroleum alcohol 

I and provided with 3 ether 

' longitudinal rods or 
I baffles 

4 I As in test 3 i Acetic acid in , Water II 5 7 


5 '47 cm wide SI cm | Phenanthrene Methyl 2 5 4 

' high fitted with ver in petroleum alcohol 

I heal rotating roller ether 

51 cm high velocity i 

< of roller 150 r pm 

6 ! As in test 5 velocity Acetic acid m Water over 

j of roller I 000 r p m , ether 10 


In Fig 1 1 the results from the removal of phenol from an 
oil with aqueous alkali for both a jet and a concurrent type 
contacting column are compared It is apparent that for 
this particular case, at least, the jet contactor is much more 
efficient than the column contactor 
For the countercurrent type of contactuig column, a 
little more information is available Hoening [18, 1929] 
has investigated the relative merits of different kinds of 
countercurrent columns used to extract an aqueous solu- 
tion of phenols with benzol, and the percenUge of the total 
amount of phenols present m the aqueous liquor extracted 
by a given quantity of benzol under similar conditions was 
employed to measure the equipment efficiency This m- 
vestigator described a test on different types of column 
packmg, using a column 6 metres in height with an effective 
height of 4 metres, and a diameter of 2 metres Identical 
liquor rates, benzol rates, and temperatures prevailed during 
these tests Liquor and benzol were first countercurrently 
contacted by forcing them in broken-up streams mto the 
empty tower Later, the tower was packed with pieces of 
coke (Grade II), then filled with different sizes of Raschig 
rings, and finally operated with perforated baffle plates 
The comparative extraction efficiency on the basis of the 
percentage of the total removal of inlet phenols is shown in 
Table VI 



Fio 1 1 ExtrdCtion perforinance comparison between jet and 
concurrent column contactors 


Table VII 

Ideal Stage Equivalents for the Removal of Phenols from 
Aqueous Ammonia Liquor using Perforated Plate Columns 

I Ideal stage | Ideal stage | Ideal stage 
equivalents equivalents ! equivalents 
Solute extracted j for I I for II ' for III 

Phenol I lOS j 101 0 77 

o-Ctesol I 1 32 I 0 88 

m-Cresol 2 39 j 0 62 0 22 

/>-Cresol I 2 39 j 0 64 r I 95 

10 9 metre diameter tower, packed height 4 metres 

II 0 9 metre diameter tower, packed height 4 metres 

III I 52 metre diameter tower, packed height 14 metres 


Table VI 


Column filling \ 

Efficiency, % 

Empty tower { 

ss 

Coke granules (Grade 11) 

60 

60 mm Raschig rings i 

70 

25 mm Raschig rmgs 

73 

Perforated baffle plates 

1 


This performance compares even more unfavourably 
with that of the mechamcally agitated contactor embodymg 
internal countercurrent flow On comparing Tables V and 
VII, It will be seen that an agitator of this type, 50 cm high, 
18 from 5 to 10 times more effiaent than a packed counter- 
cuiient tower 4 to 14 metres high Jantzen [22, 1932L 
also obtained very poor performance from laboratory-size 
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countercurrent columns He examined the action of two 
columns, one 4 cm diameter by 1 m long packed with 
10 mm glass nngs, the other 1 2 cm diameter by IS m 
long laid m zigzag form Neither of these towers was 
equivalent to a single ideal stage The packed counter- 
current type of column is not an efficient liquid-hquid con- 
tactor It IS interesting to note also in this respect that the 
countercurrent column type of contactor used for the 
removal of phenol from aqueous liquors has now been 
replaced in Germany to a large extent by mechanically 
agitated contactors 

Varteressian and Fenske [37, 1936] have investigated the 
performance of a packed column for liquid-liquid counter- 
current contact Their experimental work was of such a 
nature as to give a general indication of the effect, on the 
performance of the column, of each of a number of com- 
mon variables, rather than to study the effect of each of 
them in detail Of the variables studied, the packing 
material, the inversion of continuous and discontinuous 
liquid phases in the column, and the throughput rate were 
found to be without appreciable influence on the efficiency 
of the column The shape and size of the packing, however, 
materially affected the performance 

In a 3-metre column, diameter 1 41 cm , packed with 
4-mm metal rings, the equivalent number of ideal stages 
varied from 2 1 to 4 0 This is a much better performance 
than that obtained by Jantzen [22, 1932] and that recorded 
above in Table VII 

Rushton [31. 1937] has examined the efficiency of a 
packed tower for contacting two liquids, in connexion with 
the solvent refining of oil by nitrobenzene He finds that 
there is a limit to the amount of oil that can be handled by 
a given size of packing Throughput is lower but contact 
efficiency is better with small size packing Graded packing 
(larger at the bottom and smaller at the top) gives better 
results than uniform packing For a given hei^t of packing 
with mcreasing treating liquid/oil ratio the contacting 
efficiency decreases, while the efficiency increased if the oil 
rate was increased with a given height of packing Preferen- 
tial wetting of the packing appeared to have no appreciable 
effect 

A tower 6 ft high by 3 m diameter packed with either 
ring-rod or saddle packing varying m size from to 1 m 
was found to be equivalent to 0 83 up to 3 1 ideal stages 
The data given by Rushton are unfortunately open to 
criticism Insufficient data are given in the paper to allow 
his experimental results to be checked for accuracy by 
means of weight balances From the meagre informa- 
tion given experimental errors appear to be high The 
method adopted by Rushton for calculating the efficiency 
of the contact equipment used appears to be at fault 
and to be a direct consequence from the apparently large 
experimental error 

Rogers and Thiele [30, 1937] have studied the operation 
for liquid-liquid contact of a three-plate rectangular bubble 
column provided with a glass front so that its operation 
could be observed It was used both in the ordinary 
position and inverted Several different types of caps were 
tried In all cases the contact of the two liquids appeared 
to be poor This result was attnbuted to the low efflux 
velocity of hquid from beneath the bubble caps They 
concluded that this type of equipment was not well adapted 
for hquid-hquid contact, which conclusions are m agree- 
ment with the statements made above in connexion with 
the companson of the data m Tables V and VII 

Elgm and Browning [11, 1933, 1936] have carried out an 
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excellent and helpful theoretical analysis on a spray liquid- 
liquid countercurrent column as a dispersion apparatus 
They show that the contact area in such a system is fixed by 
three interrelated variables, drop size, Ume of contact 
between the dispersed and the continuous phase, and the 
number of drops passing a given pomt m unit time Given 
size drops will rise or fall through a stationary continuous 
phase with a certain static velocity Vo Bond [3, 1927], and 
Bond and Newton [6, 1928] have shown that the static 
drop velocity where the densities of the phases mvolved are 
of the same order of magnitude is given by 

® k\9 

where Ap is the density difference, d drop diameter, p-e vis- 
cosity of continuous phase, and g the gravitational con- 
stant * IS a constant varying from 1 to 1 3 for very small 
drops and is a function of the viscosity ratio of the two 
liquids, mass and diameter of the drop, and the interfacial 
tension If the continuous phase has an appreciable 
countercurrent velocity, the actual drop velocity v is less 
than the static velocity If Fg is the linear velocity of the 
contmuous phase and Fi the hnear velocity of the dispersed 
phase through the column, and tx equals Fu/Fi, the flow 
ratio, then 

When d, the drop diameter, is defined as the diameter of 
each drop necessary to produce the total contact area, if the 
volume of the disperse phase in the column were divided 
into spherical drops of equal size, then the contact area per 
unit volume, or specific contact area A, is given by 

vd 

Drop diameter is determined by operating conditions and 
by the densities and viscosities of the two liquid phases, 
their interfacial tension, diameter of entrance nozzle, and 
velocity through it The mechanism of drop formaUon is 
complicated, and a relation between drop diameter and the 
physical properties of the phases which also expresses drop 
diameter as a function of entrance conditions through the 
nozzle has been obtained 

Experimental observations indicate that when Vo is fixed 
the liquid velocities for which a column will continue to 
function as a countercurrent dispersion apparatus are 
definitely limited Increase in the flow of either phase, or 
both, eventually results in a volume of the dispersed phase 
in the column at any instant sufficient to fill it completely 
and prevent the passage of the other phase In this event the 
dispersed phase disappears, one phase will push the other 
ahead of it, and both will leave at the same end of the column 
This limiting condition has been termed the ‘critical state’ 
and the corresponding liquid flow rates the ‘ flooding veloci- 
ties ’ The latter are independent At the cntical point Vuo 
must exceed VF^-I- VFJ for a spray column to operate The 
minimum value of t; for a spray column to function as 
dispersion equipment is given by 

™ (ot-f va)Oo 
- (1-1-Va)“ 

For fixed conditions at the entrance point of the dis- 
persed phase and fixed rates of liqiud flow a muumum 
column diameter is required The latter may be altered by 
vaiying the inlet conditions or by varying the flow ratio 
Conversely, for fixed flows and column diameter a critical 
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Vo must be maintained by suitable control of entrance 
conditions 

Elgin and Browning determined the performance of a 
spray column 2 m diameter by 4 ft high for the extraction 
of acetic acid from an aqueous solution with isopropyl 
ether, and also for the extraction of the acid from the ether 
solution with water They found this column to be equiva- 
lent to 0 37 up to 1 98 ideal stages under the conditions 
mvestigated At a later date Appel and Elgin [1, 1937] 
determined the performance of a spray and a packed column 
for the countercurrent extraction of benzoic acid between 
toluene and water The results are reported m terms of an 
extraction capacity coefficient, which in the spray column, 
2 in diameter by 5 ft high, increased with both hquid 
flows The capacity was increased markedly by decreasing 
drop size which was found to be the most important factor 
in Its determination For large drop size capacity proved 
to be a linear function of the rate of flow, while for small 
drop size capacity passed through a maximum and then 
decreased with flow Under these condiUons the column 
was found to operate with a greatly increased hold-up of 
the disperse phase, attributed to drop coalescence in the 
column Flooding velocity with respect to one phase was 
found to decrease with increase in flow of the other ph<tse 
and was markedly decreased by small drop size In the 
packed column, water, preferentially, wet the packmg, and if 
dispersed flowed down over it in a continuous film, whereas 
toluene, if dispersed, rose m distinct drops The capacity 
coefficient was relatively independent of initial drop size 
and was of the same order of magnitude found for the inter- 
mediate drop diameter in the spray column With toluene 
dispersed it mcreased with toluene flow and decreased with 
water flow except at very low toluene velocities With water 
dispersed it increased with flow of either liquid The flood- 
ing velocity with respect to either phase was lower the 
larger the flow of the other and practically independent of 
imtial drop size The packed column flooded at approxi- 
mately half the velocity found for the intermediate drop 
size in the spray column The capacity of the spray column 
was either much lower or much hi^er than that of the 
packed column, depending upon the drop size employed m 
the former 

A reasonable basis of comparison for a countercurrent 
contacting column is the column height equivalent to a 
theoretical contacting stage A theoretical stage is con- 
sidered to be a stage m which the two liquid phases reach 
equihbrium The column height equivalent to an ideal or 
theoretical stage is usually referred to as the H E T S or 
somebmes as the HETP, the height equivalent to a 
theoretical plate, the terms theorebcal stage and theoretical 
plate being synonymous The efficiency of vanous counter- 
current columns on this basis is compared in Table VIII 
From this table it will be seen that the HETS of 
laboratory-size packed and spray countercurrent columns 
vanes from 1 S to 50 ft , while plant columns so far ex- 
amined have an HETS varymgfrom 5 5 to 209ft Labora- 
tory-size columns fitted with a mechanical stu-rer show an 
HETSof016to0 82ft It would appear from this data 
that the packed or spray countercurrent column is not an 
eflkient contactmg device, but that a countercurrent 
column fitted with a mechamcal stirrer can be made an 
efficient item of equipment 

A too intimate mixing effect is somebmes undesirable In 
aad treating when the acid is in a very fine state of disper- 
sion the rate of settling and the degree of freedom secured 
by a settler is low With some highly unsaturated distillates 


a vigorous contactmg with acids will result in an acid oil 
which cannot be clarified by settlmg, and even when 
filtered such an oil will retam much of its acidity until 
neutralized Upon neutralization sodium salts of esters 

Table VIII 

Efficiency of Countercurrent Contact Equipment on 
HETS Basts 




164ft xl 83 m ' stirred Extrsclion in 0 30 Jantzen 



46x4 92 ft I perforeled Exlrection in | 23 6-209 Hunter and 


diam plates phenol-water- ) Nash 

I benzol system | | [21 1936] 

may form and remam m the oil layer These salts are 
parbally decomposed upon re-runnmg, resulting m corro- 
sion of re-runnmg equipment and sulphonabon and oxida- 
tion of the fimshed overhead product Because of the 
undesirabihty of formmg a hig^y dispersed acid m oil 
system the modem tendency is to use large ratios of acid 
to oil and eliminate a too vigorous contaebng The 
effectiveness of a large amount of acid gently agitated with 
an oil as compared to a smaller acid quantity intimately 
mixed can be illustrated on the mass acbon principle. 

Raw distillate-f-fresh acid = treated distillate -f sludge 
acid 

(Ctmtaa dlitl llntf) X ( Cuudgn new) _ 

(Cnw dtatlUnto) ^ (CfMh told) ’ 
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where JT is the extent to which the reaction proceeds Now 
if the concentration of the aad be denoted by the amount 
of exposed surface, it can be seen that a large amount of 
acid in large droplets will cause the same extent of reaction 
as a smaller amount of acid in small particles 

These advantages of nuld agitation still hold for the 
smaller ratios of acid to oil, providing sufficient time is 
allowed to compensate for the lower exposed surface when 
mild agitation is used Provision of a long time element m 
any reacting system means, however, that for a given 
capacity equipment must be larger, which in turn means 
higher initial costs and more maintenance In order to 
surmount this obstacle, and, more important, to fully 
utilize acid content of sludge, recirculation systems are 
in operation 

Happel and Robertson [12, 1935] have evolved a 
method of testing and designing countercurrent chemical 
treatmg systems They have applied it to the scrubbing of 
naphtha to remove mercaptans by means of caustic soda 
solution 

The two-phase system of naphtha and aqueous caustic 
solution contains mercaptan in three forms, free (HSR) 
in the oil phase, and (NaSR) and (SR“) ions in the caustic 
phase 

The equilibrium equation for the system can be written 



where /4(gR-), and /t(ou-) represent activities of the 
mercaptide ion, mercaptan, and hydroxyl ion, respectively 
Since the solution is very dilute with respect to mercaptan 
content, /4(gB'-) is assumed to be proportional to mcrcap- 
tide concentration in the caustic phase, and Afugu) to the 
mercapdtan concentration in the oil phase Therefore, for 
a given hydroxyl ion concentration, the ratio of the ion 
concentrations of mercaptan in the oil and aqueous phases, 
that IS the distribution coefficient, is a constant as demon- 
strated experimentally by Meyer [26, 1931] 

Using the data of Meyer, of Birch and Norris [4, 1935], 
and of Bergstrom and Reid [7, 1929], Happel and Robert- 
son have correlated the distribution coefficients obtained 
at different caustic concentrations 
If, in a treating operation, a large excess of caustic is 
used so that the caustic concentration docs not change, the 
distribution coefficient would be constant throughout the 
operation Callmg x the concentration of any given mer- 
captan in the caustic and y the corresponding concentration 
in the naphtha, a plot of the equilibrium relationship is a 
straight line passing through the origin In fact, however, 
caustic concentration falls because of conversion to mer- 
captide Assunung a suitable percentage utilization, i c 
conversion of caustic in the operation as a whole, fixes once 
for all the value of the distribution coefficient in the final 
stage of contact If OA in Fig 12 represents the equiii- 
bnum of a given component for fresh caustic and OB the 
corresponding line for fresh caustic, the actual equilibnum 
Ime for each stage of contact, other than the final one, will 
be represented by some line through the origin with a slope 
intermediate between the two The exact position of each 
Ime must be determined by tnal and error 
The operating hne for any given component is fixed and 
is a straight line with a slope equal to the ratio of the 
volume of caustic to the volume of naphtha passmg through 
the treating system per umt time To locate lU position a 
tnal and error method is used The terminal conditions are 
thus fixed, and it is possible to proceed with a stepwise cal- 


culation of the number of countercurrent stages required 
to eflect the desired caustic utilization A suitable effi- 
ciency, equal to the percentage approach to equilibrium of 
the mercaptan removal for any given stage, may be used 
to advantage 

The following plant test illustrates the applicability of the 
method 

Twelve thousand gallons of naphtha were washed with 
5,300 gal of caustic contaming 0 05 lb per gallon of 
sodium hydroxide at 40“ F in a two-stage countercurrent 
system In the first stage raw naphtha was bubbled through 
partially spent caustic In the second stage the washed 
naphtha was mtimately mixed in a centrifugal pump with 
fresh caustic and allowed to settle 

It IS desired to determine the efficiency of extraction of 
each of the stages 



Pic 12 Extraction diagram for mercaptan removal 


Naphtha analyses were as follows 


Ran miphtlia 
Methyl mercaptan 
fcthyl mercaptan 
Propyl mercaptans 
Butyl mercaptans 
Amyl mercaptans 
Hexyl + mercaptan<> 

Total 

Total after first stage 
Total after second stage 

It IS possible to compute the free caustic concentration 
at the end of each stage Then, usmg the distribution 
coefficient correlations given in the paper, these coeffiaents 
may be calculated to be as follows 

I Methyl I Uh\l j Propvl | Butvl I Amyl 

Second stage j 41 9 ' IS 7 2 1 1 0 59 1 0 20 

First stage , 25 2 ' 9 4 | 13 I 0 35 | 0 12 

A separate calculation for the scrubbmg of each mer- 
captan IS then earned out as illustrated in detail below for 
the propyl mercaptan 

In Fig 12 the equilibrium relationships for propyl mer- 
captan are plotted as two straight lines The analyses of the 
feeds (using subscript p to denote propyl mercaptan) are 
Top = 0 (X)14 lb per gallon m the naphtha and = 0 0 lb 

per gallon m the caustic The slope of the operating Ime is 


I Mercaptan sulphur, 
\ Ih per gal 

own 

0 0027 
00014 
00005 
0 0002 
0 0003 
0 0128 
0 0073 
0 0032 
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5,300/12,000 = 0 44 To locate it a tnal and error method 
IS employed and a position is assumed The mtersection of 
the operatmg Ime and the honzontal Ime T = Top gives the 
concentration of mercaptan in the caustic leaving the system 
A vertical line dropped from this intersection to the 
equihbnum line for the first stage would give the mercaptan 
content of the naphtha leavmg the first stage, Tjp, if eqiuh- 
brium were attamed in this extraction An efiiaency of 60 % 
IS assumed, and consequently the value of T,, = 0 0013 will 
be given by a point 60% of the distance between the opera- 
ting and equilibrium lines The mtersection of the honzontal 
line T — Tij, with the operating line gives the mercaptan 
content of the caustic leaving the second stage The same 
procedure as above is followed in obtaining the mercaptan 
removal from the naphtha in the second stage, except that 
in this case an efficiency of 80% is assumed Since the 
honzontal line representing the concentration of mer- 
captan sulphur, T)p = 0 0007 lb per gallon, mtersects 
the assumed operating line at the T axis, the assumed 
operatmg fine is correctly placed when using fresh caustic 
solution containing no mercaptans 
A similar calculation is made for each of the other mer- 
captans present in the system The mercaptan concentra- 
tions in pounds per gallon for all components leaving the 
first and second stages are calculated in this way to be as 
follows 


Mercaptan 


Methyl 

Ethyl 

Propyl 

Butyl 

Amyl 

Hexyl + 


0 0036 
0 0014 

ooon 
0 0006 
0 0002 
0 0003 
0 0074 


Second stage 
0 0009 
0 0005 
0 0007 
00004 
0 0002 
00003 
I 0 0030 


K, a. A, c, and d — constants to be determmed expen- 
mentally In this equation (L^Npjrj) is a modified Reynolds 
number 

White and Brenner found that the exponents m the above 
equation were not constant over the entire range mvesti- 
gated, and hence the form of the function is best expressed 
graphically A direct mathematical expression which does 
not fit the data quite so well is 

^ =0 000129 ^'^^^'“ 

r, ’ 

where N - revs per sec , 

rf - absolute viscosity in lb per sq ft , 
p = lb per cu ft , 

L, D, W, and H = feet 

This equation expresses the experimental data satisfactorily 
for a Reynolds number of 10,000 or over, but diverges at 
lower values It can be used for determining power con- 
sumption in the region of turbulent flow 

IMPELLER DIAMETER INCHES 


Since the sums of the mercaptan concentrations are prac- 
tically the same as the data obtamed in the actual operation, 
the assumed efficiencies of 60 and 80% are correct 

Liquid-Liquid Contactor Power Requirements 

Data on power consumption of mcchamcal agitators of 
the paddle, propeller, and turbine agitator type have been 
reported Wood, Whitemore, and Badger [46, 1922], White, 
Brenner, PhiUips, and Morrison [42, 1934] have determined 
data on power consumption for paddle agitators, while 
Hixson and Wilkens [17, 1933] have obtained similar data 
for a four-blade propeller, all of which has been correlated 
by White and Brenner [41, 1934] 

The power consumption of a simple paddle agitator 
depends on the paddle length and width, tank diameter, 
liquid depth, agitator speed, the physical properties of 
the liquid stirred, and the equipment roughness Paddle 
thickness and posiUon relative to the tank bottom have a 
negligible efiect From a consideration of these values a 
dimensional equation may be derived, namely. 



Buckmgham [8, 191 5] in a study of the windage of turbine 
wheels concludes that power can best be expressed by the 
equation p ^ 


where P - power consumption, 
L — length of paddle, 

N = paddle speed, 

W — paddle width, 

D — tank diameter, 

H = liquid depth, 
p = liquid density, 

Tj = liquid viscosity 


where L is the turbine wheel diameter, the other symbols 
having the same significance as m the previous equations 
Fig 13 shows also the efiect of turbine size and peripheral 
speed on poiver consumption for contacting liquids with a 
viscosity of 1 centipoise 

Power consumption of rotaUng bodies in fluids has been 
shown to vary markedly with surface conditions. A more 
or less defimte sharp increase of power takes place at 
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speeds assoaated with the region of change from viscous 
to turbulent flow (see Unwin [36, 1880], Bu ckingham [8, 
1915], and Kerr [23, 1913]) 

Very little need be said on the power requirement of jet 
and column contactors, as this is purely the power to pump 
the liquids through the system Since pressure drop through 
orifices and packed columns has already been dealt with in 
this article no further discussion is necessary here 

Equipment for Contacting a Liquid and a Solid Phase 

Contacting equipment for this purpose may be classified 
into 

(1) Mechanical mixers 

(2) Column contactors 

The first class consists of apparatus in which contact 
between a finely divided solid and a liquid is produced by a 
mechanically operated device In the second class contact 
between a finely powdered, granular, pelleted, or agglo- 
merated solid is produced by passage of the liquid phase 
through a column packed with the solid 

Apparatus in the first class normally employed comprises 
paddle, propeller, or turbine mixers, ball mills and colloid 
mills Air agitation is very unsatisfactory and is seldom 
employed in modem plant Outside circulation has limited 
usefulness and is usually only used for maintaining a dis- 
persion previously produced by other means 

The specific gravity of the solid phase is most important 
in determmmg the type of mechanical contactor to be em- 
ployed The specific gravity of the liquid phase is not so 
important, as for petroleum products it only varies over the 
range 0 7 to 1 0, whereas with solids it often varies from 
0 9 to as much as 7 0 

When correctly designed, paddles arc satisfactory for 
low gravity solids except for very rapid dispersion They 
are economical because of their low first cost and because of 
their moderate power requirements at low speeds They 
are not satisfactory, however, for maintaining suspensions 
of high gravity solids in low viscosity liquids 

Propellers are useful over a wide range of liquid and 
solid mixtures, being satisfactory for suspension and in- 
timate contacting Their first cost is low and their power 
requirements moderate 

Turbine mixers are very satisfactory for speedy and 
mtimate contact Being true dispersers they are efficient 
for producing intimate dispersions for all size of batch or 
continuous operations Their first cost is somewhat higher 
than paddles or propellers, but their power consurapUon is 
often considerably lower than that for propellers 

Ball and colloid mills usually produce very intimate dis- 
persions, and, because of the increased cost of separating 
such dispersions, are seldom, if ever, employed for contact- 
ing in the petroleum mdustiy 

Column contactors are packed with the solid chemical 
reagent and the liquid hydrocarbon material to be refined 
is allowed to filter or percolate through the solid bed If the 
sohd is in the form of a very fine powder, filtraUon is slow 
If the parUcle size of the solid is increased, contact surface 
and contacting efficiency is reduced but filtration speeded 
up Particle size of the sohd packing depends, therefore, on 
the contacUng time required It is advantageous to pack 
the tower as far as possible with solid particles of equal size, 
and the best results are obtamed when the sohd is granu- 
lated or pelleted 

The most satisfactory methods for granulating fine 
powders are extrusion or agglomeration from nuclei 
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A hard compact granule is obtamed by usmg a pressure 
extrusion process This may be accomplished by passing 
the powder moistened with water between two rollers (Fig 
14) rotatmg m opposite directions One roller is perforated 
with a number of holes By a continuous extrusion of the 
powder a senes of cylinders is obtamed, which on leavmg 
the holes are broken up by the combined action of the 
roller and centrifugal force or by the use of suitable scrapers 
mto short cylinders Another method is to extrude a paste 
of powder and water through a die press to form strmg- 
like rods of suitable diameter, which are broken mto short 
lengths, dried or calcined m a rotary furnace, sieved and 



graded In the agglomeration process the powder, mois- 
tened with water, is rotated in a O-shaped vessel or drum 
by means of revolving paddles Wet particles of the powder 
given a rolling motion down the periphery of the drum 
accumulate upon then surface, in the manner of a snowball 
rolling down hill, other particles, and so become agglo- 
merated mto perfect spheres, whose size is directly pro- 
portional to the total time of rotation The resulting wet 
granules are soft and easily crushed, but possess sufficient 
strength to withstand screening before drying, if a slowly 
rotatmg or vibrating screen is used Diymg of the granules, 
preferably in a rotary drier where a certain amount of 
glazmg takes place, gives a hard product Both the cylindri- 
cal and spherical granules produced by these two methods 
are satisfactory for packing contacting towers If a really 
hard resistant particle of constant size is required, the most 
satisfactory method is to pellet the powder m a pelleting 
machine This machine compresses the powder mto hard 
tablets or pellets all of equal size and shape A large number 
of such machines are on the market smtable for manu- 
facturing pellets of all sizes and shapes In order to 
accomplish the compression of powder mto tablets effi- 
ciently and economically, a preliminary granulation of the 
powder into spherical granules by the agglomeration method 
is advantageous By this means a smooth, easy flow of the 
material to the pelleting machme is assured, with the pro- 
duction of a harder and more compact pellet 

Effiaency of Liquid-Solid Contactors 
The performance of a mechamcal agitator of the paddle 
type has been investigated by White, Summerford, Bryant, 
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and Lukens [45, 1932] for the production of a suspension of 
sand in water The equipment used for this work consisted 
of a SOO-gal tank, 4 ft 4 in m diameter, with a 2-n 
paddle 3^ in wide vertically mounted in the centre of the 




Fig is 

tank and agitated at a constant speed of 37 r p m The 
sand used was screened to give a product of approximately 
65 mesh They found that maximum suspension of the 
sohd is attamed after a very short period of agitation 
Uniformity of concentration of the suspended solid was 
never obtamed, but was approached more closely when 
the paddle was near the surface of the liquid than when it 
was close to the bottom of the tank 
Maximum suspension of the solid 
was obtained when the paddle was 
near the bottom of the tank, and in 
the design of agitators for this type 
of contactmg the agitating device 
should be situated here When the 
paddle is situated at the bottom of 
the tank the hquid above the paddle 
IS low in suspended matter and large 
depths of liquid above the paddle 
must be avoided The difference 
in sohd suspensions when usmg a 
middle and low paddle are shown 
in Fig 15 White and Summerford 
[44, 1934] also found a hydraulic 
sizmg of sohd particles m the tank 
The large particles remained on the 
bottom near the centre of the tank, 
while the small ones were carried mto 
suspension by the flow of liquid, so 
that careful screening of the solid can 
improve the contacting efSciency 
Hixson and Crowell [15, 1931] have noted three types of 
agitation when a sohd is stirred in a liquid At low agitator 
speeds a ‘passive or non-flow’ regime u mamtamed m 
which the solid particles remam on the bottom of the con- 


tainer with little or no motion This regime is one in which 
the vertical currents set up by the agitator are not sufficient 
to raise the solid particles from the bottom of the tank At 
somewhat higher agitator speeds the solid particles move 
inward towards the centre of the tank In this flow regime, 
characterized as curvilinear flow, the vertical currents are 
of sufficient magmtude to produce considerable suspension, 
the amount suspended being a function of agitator speed 
In the third type of agiution prevailing at high agitator 
speeds the solid particles were thrown outward from the 
centre and the regime described as turbulent flow was 
established In this third, or high speed, zone centrifugal 
forces eventually become sufficiently strong to combat 
cffecuvely the forces tendmg to produce a more umform 
sand concentration, and for any given position in the tank 
there exists an agitator speed beyond which an increase in 
speed accomplishes httle or no increase in solid concentra- 
tion This pomt IS called the upper break, or satination- 
pomt White and Summerford [43, 1933] found that curves 
of solid concentration against agitator speed showed these 
three distmct zones and they correlated empirically curves 
for vanous sohd sizes by a plot of log Q/D* against X, where 
Q IS solid concentraUon m mgm per 100 c c of liquid, D 
IS logarithmic mean clear opening of screens forming the 
linuts of the mesh fraction, and R is stirrer speed in r p m A 
plot of QjD' against R is shown in Fig 16 for the suspension 
of sand in water using a paddle agitator with the dimensions 
given above The graph shows the three distinct flow zones 
and the saturation-point for different solid (sand in this 
case) sizes Since the saturation-point occurs at approxi- 
mately the same agitator speed for different points in the 
tank if solid size and total amount of solid arc constant, it 
IS suggested that agitator speed at which saturation occurs 
should be used as a measure of intensity of agitation 
Quantitative studies of agitation in a liquid-solid system 
have been made by Hixson and Crowell [15, 1931], and 
Hixson and Wilkens [17, 1933], in which emphasis has been 
placed on the effect of agitation on the phenomenon of 
dissolution The performance of agitators in these studies 


expressed as the veloaty constant of the ‘cube-root law* 
developed by Hixson and Crowell In the later study of 
Hixson and Wilkens experunents were conducted m a senes 




1793 


EQUIPMENT FOR CHEMICAL AND SOLVENT TREATING OPERATIONS 


of geometncally similar cylindncal vessels, ranging m vol- 
ume from 0 73 to 353 gal , vvith correspondmg stirrers of 
the propeller type In free rotational agitation the effects of 
stirrer speed, size of equipment, and fluid viscosity were 
found to be veiy great Baffles were found to slow down 
the fluid flow and were a hindrance to the agitating pro- 
cess More effective agitation was found m a shallow vessel 
than in a deep one at the same stirrer speed Agitation, as 
measured by rate of solution, was greater in the free rota- 
tional than in the baffled system at low stirrer speeds of 
100 to 300 r p m The freely rotating turbine was found to 
be more effective than the propeller under the same con- 
ditions At higher stirring spe^s of 300 to 500 r p m the 
most effective agitation was obtained from a turbine 
agitator operating in a fixed central deflecUng ring 
Hixson and Termey [16, 1935] have studied the quantita- 
tive evaluation of agitation in a liquid-solid system on the 
basis of a * mixing index ’ If a solid be dispersed in a bquid 
in such a manner that any small volume of the liquid shows 
the same ratio of solid to liquid as any other and the same 
ratio as total solid to total liquid, the system may be said to 
be perfectly mixed Obviously, the system so arranged is m 
dynamic equilibrium Suppose the total quantities of sohd 
and liquid present in the system arc in the ratio xfy If any 
small sample from this system m dynamic equilibrium 
analyses for sohd and liquid in the ratio xjy, it is 100% 
mixed Intermediate degrees of mixing may be expressed 
linearly by the relations 


if the liquid is m excess, or 
P-=-^100 


if the solid IS in excess S and So here represent the weight 
per cent of sohd m a sample and in the total mixture 
respectively, and L and Lo the weight per cent of the 
liqiud in a sample and in the total mixture, while P repre- 
sents the per cent mixed An average of the percentages 
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Pic 17 Degree of mixing v speed Curve (I), liquid viscosity 
0 89 centipoises Curve (2), liqmd viscosity 21 3 oentipoises 
Curve (3), liquid viscosity 33 8 centipoises Curve (4), liquid vis- 
cosity 43 9 centipoises 


mixed of a sufficient number of samples taken from different 
arbitrary locations withm the agitatmg vessel for a given 
set of conditions gives a quantitative measure of the degree 


of uniformity of agitation throughout the vessel and is 
referred to as the ‘mixing index’ for that set of conditions 
The variation of mixing index with different sets of con- 
ditions in a vessel 18 in diameter by 29i in high agitated 



Fic 18 Degree of mixing v viscosity 

With a four-bladed propeller is shown in Figs 17 and 18 
The figures show that mixing index increases slowly with 
increasing agitator speed at low speeds and low fluid 
viscosities, and that it increases sharply at higher speeds, 
finally flattening off at still higher sp^s The lower flat 
portion of the curves ui Fig 1 7 is probably associated with 
passive flow, while change from passive to curvilinear flow 
is indicated by the sharp increase of mixing index with 
speed With increasing speed in the curvilinear flow region 
mixmg index increases rapidly up to the saturation-point 
where the curves flatten off at some definite speed for a 
given viscosity The chief factor influenced by viscosity is 
probably the settling rate of the solid particles Slower 
settlmg of solid particles produces better mixing, as is 
indicated by the higher values of mixing index at high 
hquid viscosities 

The contacUng of liquid and solid in a tower packed with 
solid particles has been examined by Scott [33, 1935], Mayo, 
Hunter, and Nash [25, 1935], and by Baker, Chilton, and 
Vernon [3, 1935] In long columns of small diameter, Mayo, 
Hunter, and Nash found that the liquid m its passage down 
the tower tends to flow away from the centre of the pack- 
ing towards the tower walls, where it continues its passage 
by flowing down the wall The percentage of the total 
available packing surface wetted increased with mcreasmg 
rate of liquid flow up to a floodmg-pomt, when the total 
packing surface was suddenly wetted At the flooding- or 
loading-point the packmg is completely wetted by virtue 
of the fact that the whole tower is full of liquid In con- 
tacting a hquid with solid packmg in a tower it is essential 
to use liquor rates which will flood the tower, or, better, to 
run the contacting column full of liquid by some means of 
flow control or by running the hquid up the tower If run- 
mng with full towers is for any reason undesirable, large 
diameter packed towers may be employed and good liquid 
distribution over the packmg obtamed Baker, Chilton, and 
Vernon have shown that m sufficiently large packed towers 
the tendency for the hquor flow to concentrate near the 
walls IS absent, and that uniform distribution, once attained, 
persists down to any reasonable depth of packing Some 
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device for uniform initial distribution of liquid is essential, 
however, since the flow from a single stream does not 
become uniform until four or five tower diameters have 
been traversed 

Phase Separation after Contacting 

Three general methods arc almost umversally employed 
in the petroleum industry for scparatmg two liquids or 
a liquid and a solid after a contacting operation These arc 

(1) Filtration 

(2) Settling 

(3) Centrifuging 

Filtration is usually employed for separating a liquid and 
a solid phase where a liquid and finely divided powder 
have been agitated together Settling and centrifuging are 
employed chiefly for the separation of two liquid phases 

Filtration. 

Enclosed pressure filters arc generally used for separating 
oil from a finely divided solid These filters have a number 
of filter leaves suspended inside a shell into which the 
material to be filtered is charged under pressure The 
leaves may be parallel or perpendicular to the horizontal 
axis of the shell Usually the leaves are stationary, but 
sometimes they can be rotated durmg the filtration cycle, or 
the filter medium may be installed as an inner lining of the 
shell and rotate with it In principle a filtenng medium is 
stretched over a frame provided with channels for the col- 
lection and drainage of solution, and the material to be 
filtered is forced under pressure into the space between 
filter medium and outer housing Manual labour m opera- 
tion may be reduced by opemng and closing the shell by 
mechanical means The hi^ pressure employed results in a 
good, dry cake The Sweetland filter consistmg of a senes 
of circular disks suspended inside a cylmdneal cast-iron 
shell IS often employed 

Dunng filtering a solid particle by the force of its impact 
penetrates the filter medium pores and comes to rest, or if 
a deposit has already formed exerts a compressive action 
upon It The impact is proportional to the weight of the 
particle and to the pressure A high initial pressure 
rapidly decreases the rate of filtrate fiow when the solid 
material is composed, as it usually is, of uneven sized 
particles A low imtial pressure reduces compacting of the 
cake and results in a hi^er average rate of fiow of filtrate 
In a hquid having a low concentration of suspended solids 
the solid particles are deposited with more force than if the 
solid content is high, owing to the greater rate of flow 
depositing the particles at higher velocity and producing 
a dcnsercake Forthese reasons low mitial pressures increas- 
ing steadily as the cake builds up are desirable in pressure 
filters, the mcreasmg pressure mamtaming the rate of filtrate 
flow with increasing cake thickness, and consequently centri- 
fugal pumps are ideal for feeding pressure filters Filter 
aids are useful when the solids to be removed are m a very 
finely divided state A filter aid should be porous, chemi- 
cally inert, and of low specific gravity so that when mixed 
with the liquid to be filtered it will remain in suspension 
Comparatively small amounts of filter aid are required and 
their cost is more than balanced by increased filter effi- 
ciency Kieselguhr or diatomaceous earth of high silica 
content and havmg a low gravity is the most widely used 
of all filter aids for handling petroleum products A coat- 
ing of filter aid may sometimes be applied to the filter 
medium to act as a clanfymg agent and to prevent bmding 


of the filter medium Precoating with filter aid is often 
used with advantage m the filtration of lubricabng oils 
Spent solid is sometimes separated from oil by filtering 
through sand or by a combination of continuous settling 
in a tank and filtering the overflow 

Setthng. 

Settling IS the operation normally employed for the 
separation of the treated oil phase from the treating hquid 
phase The separation depends on the difference in densi- 
ties of the two phases The dispersed phase moves through 
the contmuous phase with a velocity influenced by gravita- 
tional force, viscosity of the dispersion medium, ifference 
in speafic gravity between the phases, and size of the par- 
ticles of the dispersed phase 

Stokes’ law for the constant velocity of a small sphere 
falling in a liquid is given by 

2r'(p,-ps)<r 

■ V ’ 

where r is the radius of the sphere, and Pi its density, Pj the 
density and /i the viscosity of the continuous phase, and 
g IS the gravitational constant This equation applies when 
the dispersed phase is the denser of the two phases and 
hence is settling downwards through the continuous phase 
Where the dispersed phase is the less dense of the two phases 
and IS settling upwards through the continuous phase this 
formula has been modified by Bond [S, 1927] 

where 1/^ is a constant equal to 1 43 as determined for air 
bubbles rising through water-glass and castor oil 
In a later paper Bond and Newton [6, 1928] show that 
values of K vary from 1 to 1 5 and that /f is a function of 
the viscosity ratio of the two liquids, mass and diameter 
of the dispersed particles and of the intcrfacial tension 
where the densities of the phases involved are of the same 
order of magnitude 

From these equations it is obvious that although density 
difference is important the importance rapidly diminishes 
when the particle diameter is sufficiently reduced, since the 
velocity IS proportional to the square of the radius With 
very small particles and with little density differences 
suspensions of great stability are possible sometimes, even 
defying centrifugal treatment 
Settling IS generally accomplished in tanks large enough 
to give the required time element for separation Either 
vertical or horizontal tanks may be used The rate of set- 
tling m horizontal tanks per unit volume is greater than 
with vertical tanks, although the depth of the clarified layer 
is approximately the same Advantages are claimed for 
both types of settlers, but expenmental comparisons of the 
practical advantages of one type over the other remains to 
be made In some cases where vertical tanks are used the 
inlet to the tank is tangential, and sets up a swirling motion 
to the tank contents which is claimed to aid m the separa- 
tion Horizontal tanks are used with or without baffles, and 
also with special arrangements for the inlet flow 
The exact settling time that is required is best determined 
experimentally for each tieatmg operation In general, 
alkali solutions and water washes settle more rapidly than 
acid sludge Fifteen to thirty minutes usually suffices for 
caustic or doctor settlers, but an hour may be required for 
acid sludge 
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Settlers are usually about 40 ft high varying in diameter 
from 2 to 10 ft , and are often fitted with a water spray for 
water washing The water spray is made from pipe m the 
shape of a cross either welded or connected by fittings Two 
crosses, one above the other to cover the tank area, arc 
used in large diameter tanks The perforations are arranged 
in one or two sets in the bottom of each pipe Spray holes 
arc sometimes made on one side of each pipe only so that 
the water-flow through the holes will assist rotary motion 
set up by the tangential inlet to the tank and assist washing 
Unless veiy hard water is used J or in holes are satis- 
factory, countersinking of the holes from the outside assists 
in preventing plugging The spray is best situated 5 to 

10 ft below the overflow in order to settle out as much 
water as possible before the oil goes to the next tank 

Settling tanks may be employed for both batch and con- 
tinuous settling of liquid-liquid and liquid-solid dispersions 
In continuous settlers the fluid velocity should not exceed 
3 ft per minute 

In acid treating, especially acid treating of cracked 
gasoline, it is sometimes important for stability of colour to 
remove most of the acid sludge in 2 minutes or less after 
contacting acid and oil This is best done by centrifuging 
but IS sometimes carried out in a desludger Water washing 
or alkali neutralization of distillates containing sludge 
causes hydrolysis of the sludge and the liberation of tarry 
products which dissolve in the treated distillate with de- 
leterious eflect upon the final product In order to ensure 
complete removal of acid sludge the distillate from the acid 
settler is sometimes put through a desludger A desludger 
consists of a suitable vessel packed with sand, gravel, or 
special packing and the sludge is removed from the treated 

011 by selective adsorption or selective wetting on the sur- 
faces of the material in the desludger Arrangements of 
trays or shelves over which the oil is given an elongated con- 
tact time and length of travel path are also used The special 
packing material used in desludgcrs has the property of acid 
wetting in preference to the oil The desludging towers arc 
so designed that as the finely divided sludge and oil move 
upward, the sludge accumulates on the packing to form 
droplets heavy enough to settle to the tower bottoms 
countercurrent to the oil stream Many packing matenals 
arc also suitable for removing moisture from oil after a 
caustic wash Sludge or caustic which may accumulate on 
the tower packing after a period of operation may be 
removed by the introduction of steam for 4 to 6 hours 



Fig 19 


One of the most interesting settling systems is the Holley 
Mott System developed by the Anglo-Iranian Oil Company 
Ltd in which continuous contactmg, settling, and reagent 
circulation are mduced by the rotation of a smgle paddle 


stirrer The prmciple employed is illustrated in Fig 19 If 
the bottom half of the vessel in Fig 1 9 is filled with a heavy 
liquid of density 2 0 and the top half filled with a lighter 
liquid of density 1 0, three distinct exactly balanced U-tubes 
result If the contents of the right-hand vessel are converted 
into a dispersion, the resulting density of the dispersion will 



be 1 5 Under these conditions, in the upper half of the 
system, above the line XY. Fig 19, the liquid in the agitator 
will be heavier than the liquid in the separator, and a flow of 
dispersion from agitator to settler through the centre tube 
will result The upper connexion also allows liquid to flow 
from the settler to the agitator so that a circulation is pro- 
duced A similar circulation results in the lower half of the 
vessel If a flow of fresh oil and reagent is introduced into 
the agitator, it is possible to remove from the separator 
separated light and heavy liquids and to take a flow of these 
two liquids wherever required In this way, in a single pair 
of vessels, a continuous contacting, settling, and circulation 
IS induced by a smgle stirrer A single pair oi vessels may 
be used as a stage unit in either batch, multiple contact or 
countercurrent contact treatment The design of the stirrer 
in the contacting vessel, as shown in Fig 20, consists of 
three plain diamond blades set at angles of 120'^ to each 
other along the length of a shaft mounted eccentrically in 
the contact vessel The settler is a plain vessel of a size 
and shape suitable to the work required Separating rates 
of 50 to 200 gal per hour per sq ft of interfacial area, 
depending on the oil and reagent used, are normally em- 
ployed 

For separating liquid-solid dispersions cone settlers are 
now being used in the petroleum industry The cone settler 
consists of a conical tank, the angle at the apex of which is 
45' to 60° The conical tank is mounted with its apex 
pointing directly downwards and is provided with a manu- 
ally or automatically controlled sludge discharge valve at 
the bottom and a central loading-well and some suitable 
type of overflow at the top The feed enters through the 
central loading-well usually fitted with a baffle to prevent 
undue agitation Clarified oil overflows from the top of the 
cone and solids settle to the bottom Solids settling in 
the cone increase in density until the buoyant power of the 
settled solids raises an actuator which in turn operates a 
mechanism to unseat a valve from the orifice in the apex of 
the cone and allow the solids to be discharged Alterna- 
tively, the solids may be discharged by a plug valve or goose- 
neck siphon When using the siphon the greater the eleva- 
tion of the siphon the greater the density of the discharge 
The solids separated by setthng devices contain a good deal 
of hquid and the sludgy discharge has to be treated by some 
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siutable means to recover this liquid Capacities of differ- 
ent size settlmg cones with an apex angle of 60° are given in 
Table IX 

Table IX 

Capacities of 60'^ Apex Angle Settling Conev 
Pinphiral over- 

Outude Depth, flow capaeitv, 

diameter ft jt gal per hr 

5 5 480 

6 6 720 

7 7 I 000 

9 9 1 800 

Settling cones can be used for continuous operaUon if 
equipped for continuous overflow and continuous dis- 
charge Trescott [35, 1934] has described the use of cone 
settlers for continuously separating acid sludge 


and the whole is centrifuged Acid is sometimes added in 
two portions, the first m the agitator, the second at the 
centnfuge itself which aids in producing a fluid sludge The 
De Laval acid sludge separator, a widely used centri- 
fuge, IS of the cone-packed bowl type The bowl speed is 
6,000 r p m and oil capacity varies from 200 to 1,200 gal 
per hour with corresponding power requirements of 3 to 
5 h p The advantages of employing centrifugal separation 
m acid treating are 

(1) Separation of oil and sludge is very sharp and oil 
which IS otherwise lost in the sludge is saved 

(2) All ‘pepper* sludge is removed, giving an oil of lower 
acidity and a reduced consumption of neutralizing 
agent 

(3) The process may be run continuously 

(4) Long contact time with acid is avoided with saving 
in oil losses 


Centrifuging. 

Two types of centrifuge may be employed for separating 
liquid-liquid dispersions, the hollow bowl type or a type 
usmg bowls with shallow settlmg spaces 

The hollow bowl type was the first type developed for 
centrifuges This type has the advantage of simplicity and 
permits attainment of high values for maximum centnfugal 
force at the bowl wall, but material located at the centre 
portions of the bowl is subjected to only small centnfugal 
force Bowl type centnfuges are usually made with dia- 
meters up to 12 cm and bowl speeds of about 15,000 r p m 
The nuxture to be separated is fed into the bowl revolving 
at high speed and the heavier hquid in the mixture is thrown 
by centrifugal force to the outside of the bowl, while the 
lighter remains in the centre As the operation continues 
the two vertical layers rise to the top of the bowl and by 
suspendmg a suitable rmg diaphragm into the two layers 
the two hquids may be drawn off from separate exit 
spouts The centrifugal force applied is gravitaUonal force 
enormously magmfied so that the whole centrifuging opera- 
tion IS really an enhanced gravity settling 

Bowls with shallow settlmg spaces are often employed 
In the majority of such separators the bowl is packed with 
cone-shaped disks, with thin spacer caulks givmg shallow 
settlmg spaces, long liquid travel paths, and guided liquid 
flow The space thicknesses are two to three tunes as great 
as the diameter of the liqmd globules to be separated The 
bowl IS provided with two spouts through which the 
s^rated Itquds are discharged Cone-packed disk-bowl 
separators have larger bowl diameters and lower rotauonal 
speeds than the hollow bowl type 

The centrifuge finds its mam application m quick contact 
acid treating processes for refining high sulphur content 
pressiue distillate and lubricating oils High sulphur 
pressure distillate is treated with acid m a high-speed 
mechanical contactor, such as a Stratford contactor, in 
which the total contact time is of the order of 1 to 2 sec 
The dispersion produced is immediately transferred to 
centrifuges and separated The entire time of treatment, 
including contactmg, transfer, and sludge separation, is 
about 4 sec The short total contact tune avoids poly- 
merization of valuable unsaturated hydrocarbons and 
allows acid desulphurizing of high sulphur content cracked 
distillates without excessive reduction of anti-knock pro- 
perties In treating lubricating oil, heated oil and aad are 
contacted in a mechamcal agitator for about 10 minutes 
Water is then added to the dispersion to prepare the sludge 


Walker [38, 1934] has given the following direct com- 
parison data between conventional batch and contmuous 
treatment with centrifugal acid sludge separation of lubri- 
cating oils 

Characteristics of Slock Treated — Paraffin Distillate 
from East Texas Crude 

Gravity 'API 29 5 

Viscosity at 100" F , Saybolt seconds 75 

Pour-point, " F 75-80 

•Colour, A STM No 3 

• Original colour at still, 21 A S T M . darkened to 3 A S T M 
by heating during transfer 


The batch-treating cycle was as follows 


Charging agitator, 2,000 lb 

Addition of first acid (11 lb per 50 gal ) 

Blow penod 

Settling period 

Drawing first sludge 

Addition of second acid (41 lb per 50 gal ) 
Blow penod 
Sousing water 
Blow period 
Settling period 
Drawing sludge 
Transfer penod 
Total cycle 



The conunuous treatment was carried out at a throughput rate 
of 600 gal per hour per machine, with the following results 



Batch 

Continuous 

Quanuty of acid, Ib , 66° B6 per 50 gal 
Tests on acid oil 

6 

6 4 

Gravity, ° API 

29 9 

29 9 29 9 

Viscosity at 100° F , Saybolt sec 

73 

73 73 

Colour, A STM No 

Acidity, mg potassium hydroxide per 

21 

1* 21 


1 1 

0 62 0 30 

Appearance 

heavy 

microscopically 


traces of 

free of sludge at 

Tests on sweetened oil (3° B6 lye solu- 
tion used; 

sludge 1 

1 

300 diameters 

1 

Gravity, ° API 

29 9 

29 9 29 9 

Viscosity at 100° F , Saybolt sec 

73 

73 73 

Colour, A STM No 

Neutraluauon No, mg potesstum 

2 dark 

li 2 

hydroxide per gram 

006 

001 001 

Colour stability (24 hr at 210° F ) 

poor 

good good 
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Sludge Characterises 


' Bat<h I Continuous 

Oil loss. % of charge ' 17 i 11 I 073 

Sulphuric acid in sludge, ' „ 23 r 25 25 

Appearance hard, soft, of readily 

VISCOUS pumpablc vis- 
I cosity 

Subsequent tests on the pressability of the acid-trcatcd distillates 
shows no differences between the two methods of treating 

To summarize, a large number of tests on oils of widely 
different characteristics have shown that continuous treat- 
ment with centrifugal sludge separation as compared with 
batch treatment will, in general, show the following 
advantages 


1 A savmg of 25 to 50 % in acid requirements 

2 A savmg of 25 to 50% m earth or neutralizing 
agents 

3 A reduction of treating loss amounting to 25 to 
50% of that encountered m batch treatment 

4 The sludge discharge from the centnfugal machine 
is less VISCOUS, and more readily disposed of, than that 
drawn off by the agitators 

5 Greater flexibility of operation 

C^ntnfugmg may also be employed for separating 
liquid-solid dispersions, but m this case continuous opera- 
tion requires expensive special type centnfuges, while 
batch separation by centrifuging offers little or no advan- 
tage over filtration 
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REFINING CRACKED NAPHTHA WITH SULPHURIC ACID AT 
LOW TEMPERATURES 

By R. A. HALLORAN. B.S , A E.S , A.S.M.E. 

Manager, Research and Development, Standard Od Co of California 


One of the chief problems of the petroleum refiner is the 
conversion of cracked naphtha into a refined gasoline 
suitable for use as motor fuel Such conversion involves 
removal of a vanety of undesirable constituents such as 
sulphur compounds, gums, colour bodies, potential gum and 
colour-forming compounds, corrosive and acidic oxygen 
compounds, &c All refiners recognize the imporuncc of 
eliminating such constituents, but the particular means of 
accomphshing this is dependent upon the crude oil source 
of the naphtha and the type of cracking process used, 
both factors contributing towards a wide variation in the 
quantities and properties of impurities present 

Sulphuric acid has long been and continues to be the 
most important agent for refining cracked naphthas The 
present chapter is concerned with one of the more im- 
portant developments in the use of this reagent, namely, 
low-temperature treatment 

Chemistry of Cracked Naphtha Treatment 

The ultimate object in any naphtha-treating process is 
the efificient removal of impurities with minimum loss of 
valuable constituents In this respect the action of sulphunc 
acid vanes with temperature Smee acid treatment is funda- 
mentally a chemical process, involving various competing 
reactions, it is desirable to review briefly the chemistry 
of cracked naphtha treatment before proceeding to a 
detailed discussion of the temperature effect 

Of the various types of hydrocarbons present m any 
cracked naphtha two of the most important, the paraffins 
and the naphthenes, are not affected by sulphuric acid under 
the conditions required for refinement This statement 
apphes to the aromatic hydrocarbons also, except m those 
instances where a large quantity of strong sulphuric acid 
IS required for treatment The fourth main class of hydro- 
carbons in cracked naphtha, the olefines, is subject to two 
types of reaction with sulphuric acid, polymenzation and 
formation of acid or neutral sulphates Either reaction is 
undesuable since olefines are very satisfactory constituents 
of motor fuels Since as much as 60 % by volume of a 
crude cracked naphtha [4, 1928] consists of olefines, one 
of the chief objects in sulphuric acid treatment is the 
development of conditions under which undesirable com- 
pounds are removed without seriously reduemg the ole- 
fine content In addition to hydrocarbons contaming 
one double bond, crude naphthas contain appreciable 
proportions of hydrocarbons contaimng two or more 
double bonds These compounds form resmous materials 
when the fuel is stored, especially in the presence of air 
The diolefines are, however, readily polymerized by 
sulphunc acid, and their removal presents no particularly 
difficult problem unless the naphtha has been severely 
cracked and abnormally high proportions of these com- 
pounds are present 

Comparatively httle exact information is available con- 
cerning the chemical composition and properties of the 
sulphur compounds present in cracked naphthas The types 
of compounds which have been definitely identified include 


the mercaptans, sulphides, thiophens and thiophanes 
Unquestionably, various unsaturated derivatives of these 
compounds are also present The hydrogen sulphide 
formed in crackmg operations is normally separated from 
the crude naphtha before treatment and no further dis- 
cussion of Its removal is required here 
The sulphur compounds mentioned above undergo five 
types of reaction when treated with sulphuric acid namely, 
oxidation, physical solution [1, 1926, 5, 1934, 8, 1926], 
sulphation, sulphonation, and polymenzation The com- 
pounds most subject to oxidation are the mercaptans, the 
products being disulphides under mild conditions and 
sulphonic acids when the treatment is more severe The 
other types of sulphur compounds are probably not ap- 
preciably oxidized under the usual treating conditions 
Physical solution of sulphur compounds in strong sulphuric 
aad IS known to be important in the case of sulphides 
and disulphides [8, 1926] In connexion with this action the 
formation of weak double compounds between the acid and 
organic sulphur compounds has been suggested [1, 1926] 
Sulphation of unsaturated sulphur compounds to yield acid 
or neutral esters similar to those derived from the olefine 
hydrocarbons is also probably of substantial importance 
All the sulphur compounds in cracked naphtha are subject 
to formation of sulphonic acid derivatives, but the relative 
rates and the importance of these reactions in practical 
treating operations are at present matters of conjecture 
Ample evidence is available showing that the unsaturated 
sulphur compounds in cracked naphtha are polymerized 
by and treatment [5, 1934, 2, 1932] Presumably the 
sulphur atom has a considerable activating effect on the 
sensitivity of the molecule to polymerization 
Little IS known concemmg the chemical constitution of 
the nitrogen and oxygen compounds present in cracked 
naphthas The former contribute to the colour of the dis- 
tillate but their basic character permits ready removal by 
sulphunc acid Acidic oxygen compounds are removed by 
the alkahne wash which always follows acid treatment 

Practical Fundamentals of Acid Treatment 
One of the reasons for the extensive use of sulphuric acid 
in cracked naphtha treating is that its action may be readily 
modified to meet the needs of the parUcular problem at 
hand The most important factors capable of mdependent 
control are acid strength, temperature, ratio of aad to 
naphtha, time of contact, and method of apiflication 
Low-temperature treatment was developed for the treat- 
ment of cracked naphthas of high sulphur content, particu- 
larly of the California type, in which an abnormally high 
proportion of the sulphur is present in the form of mert 
thiophens and thiophanes When such material is treated 
for Bubstanbal sulphur reduction the product normally has a 
very satisfactory colour, gum content, colour stability, &c 
Consequently, in the section which follows, the degree of 
refinement will be indicated m terms of sulphur content only. 
It may be noted that m the case of low-temperature treat- 
ment of a naphtha prepared by severe crackmg, the sulphur 
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content control must be supplemented or even replaced 
gum content and gum stability 
In connexion with the deteimination of gasoline yield 
from crude naphtha it has become customary to refer to 
the treating loss and polymerization loss as separate items 
Treating loss represents the actual reduction in volume of 
naphtha caused by the removal of certain constituents in 
the acid sludge The polymerization loss is a figure indicat- 
ing the loss in yield of fractions boiling within the gasoline 
range, but the exact figure is dependent upon the volaUlity 
specifications to be met For example, with end-point 
control a given naphtha might contain 80% by volume of 
fi actions boihng below 400" F and 85% boiling below 
420° F Assuming that after acid treatment the respective 
figures arc reduced to 70 and 76 %, the polymerization loss 

in the first case would be 100 12 5% and 

N 100 -- 10 6% in the latter In the following 

section the polymerization loss is expressed in terms of 
400° F end-point material 


Effect of Temperature 

The reactions which take place when cracked naphtha 
IS mixed with sulphuric acid are attended by the evolution 



Fio 1 


of considerable heat and in the absence of any temperature 
control this effect is evidenced by a sharp rise in tempera- 
ture of the mixture Fig 1 illustrates the temperature effects 
observed when a typical California cracked naphtha is 
mixed in a Dewar flask with varying proportions of 98% 
sulphuric acid In this particular senes of experiments the 
initial temperature of the naphtha was 70° F However, it 
has been demonstrated that the temperature rise is practi- 
cally mdependent of the initial temperature and the same 
curve would be applicable for initial temperatures varying 
from 30" F to 1 10° F 



Specific data presented in this section m the form of 
charts and tables are lumted to the treatment of California 
naphthas as obtained from liquid phase cracking processes 
In all cases acid requirements refer to pounds per barrel 
ot 42 U S gallons (35 imperial gallons) of cracked naphtha 
In Fig 2 are plotted experimental results showing the effect 
of temperature on polymerization losses As noted above, 
the method of application of acid to naphtha and tune of 
contact are important factors influencing the results obtamed 
The isotherms of Fig 2 arc reasonably comparable in these 
respects, since in all tests the acid was apphed in several 
increments, the naphtha and acid layers were mtimately 
mixed for 15 minutes after the last addition, and no sludge 
was withdrawn until after the final stimng operation 
In the comparison of the curve labelled ‘ Without coohng ’ 
and the lower temperature curves one point requires further 
explanation The data are all based on laboratory expen- 
ments, and in obtaining the points for the four lower curves 
the procedure was as follows a 2-litre round-bottomed 
flask equipped with a mechamcal stirrer was partially 
inunersed in a cooling bath, 1 hire of naphtha was added, 
and with gradual acid addition the rate of coohng was so 
adjusted that the treatment was effected within the indicated 
temperature range In obtaining pomts for the ‘Without 
cooling’ temperature curve, the origmal temperature of 
the naphtha was 70° F and the acid was again added 
gradually but no attempt at temperature control was made 
Consequently, m the latter expenments the heat of reac- 
tion was partially dissipated and due to the relatively small 
apparatus the final temperature was appreciably lower 
thm would be representative of large-scale operation 
Experience with commercial equipment has shown that, in 
the absence of any temperature control, actual polymenza- 
Uon losses are considerably higher than those obtamed in 
such laboratory tests. 





REFINING PROCESSES CHEMICAL 


1800 

The expenments designed for comparison of polymeriza- 
tion losses at different temperatures also serve to illustrate 
the effect of temperature on treating losses These data are 
plotted m Fig 3 

20 , , 1 1 1 1 
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LBS 98X ACID PER BARREL OF CRACKED NAPHTHA 


Fig 3 

Fig 4 illustrates the effect of temperature on acid require- 
ments to yield gasoline of various sulphur contents The 
original naphtha used in obtaining these data contamed 
0 62% sulphur However, the sulphur content of the un- 
treated 400° F end-point stock contained in this naphtha 
was 0 53 % and so the treating curves start from the latter 
point A particularly interesting feature in Fig 4 is the 



Fig 4 Sulphunc acid required for sulphur reduction 

reversal m temperature effect at about IS lb of acid per 
barrel of naphtha, smaller proportions of acid effecting 
greater sulphur reducUon without cooling, while larger 
proportions are more effective at low temperature No 
explanation of this phenomenon is forthcoming [6, 1933], 
but It may be noted that it represents a laboratory result 


only and it has not been observed m commercial treatmg 
operaUons The curve for commercial three-stage treat- 
ment m Fig 4 and the discussion following under ‘Com- 
mercial Apphcation’ substantiate this statement 
Data on polymerization loss, treating loss, and sulphur 
reduction are combined in Fig 5 to illustrate the effect of 



% SULPHUR IN FINISHED 400 END POINT GASOLINE 
Fig 5 Gasoline yields after sulphuric acid treatment of a California 
cracked naphtha 


treating temperature on yields of gasoline for treatment to 
various sulphur contents For treatment to given sulphur 
content the reduction in losses resultmg from the use of low 
temperature is additive to the reduction caused by the use 
of less acid Therefore, when a highly refined product is 
being prepared the excessive loss in yield accompanying 
treatment without cooling is particularly striking 
Although the practical significance of the above tempera- 
ture effects cannot be questioned, the theoretical explana- 
tion IS far from adequate At first sight it might appear that 
the decrease m polymerization and treating losses with 
decrease in temperature are merely examples of the well- 
known effect of temperature on reaction rate How- 
ever, the decrease m reaction rate is not the complete 
explanation, since the low-temperature contact between acid 
and naphtha-phases may be contmued for several Umes the 
above-mentioned IS-minute penod with no substantial 
decrease m gasoline yield Another theory is that the 
selective removal of sulphur compounds at low tempera- 
tures, either by solution or reaction, so dilutes the acid phase 
that Its polymerizing and sulphating activity is greatly 
dimmished Further factors to be considered are the rela- 
tive rates of change of mdmdual reactions with change m 
temperature, as well as the effect of temperature on purely 
physical solution The whole problem is difficult and a 
comprehensive explanation must await further data 
It has been mentioned above that olefines, m general, are 
very satisfactory constituents of gasolme A recent compre- 
hensive mvestigation [7, 1934] of the knock ratings of pure 
hydrocarbons proved that the average knock ratmg of 
olefines is mu^ higher than that of the corresponding 
paraffins It is not surpnsmg, therefore, that any treat- 
ment tending to reduce the ole^ content is accompamed 
by a corresponding loss m knock ratmg Fig 6 illustrates 
the loss m knock ratuig (initial octane number was 
699 by the CJ'.R Motor Method) accompanying aad 
treatment of a cracked naphtha at two different tempera- 
tures. It wiU be noted that the curves are similar m shape to 





REFINING CRACKED NAPHTHA WITH SULPHURIC ACID AT LOW TEMPERATURES 1801 


those in Fig 3, indicating that the low-temperature process 
conserves a greater proportion of high anu-knock olefines 
than treatment without cooling 



Fig 6 Loss in knock rdtmg by sulphuric dcid treatment of a 
California cracked naphtha 

Since Figs 2-6 are based upon a single senes of labora- 
tory experiments, it is of interest to show individual 
results These numerical data, taken from smoothed curves 
plotted from the experimental data, are given m Table I 
It will be noted that the data summarized in Table I and 
illustrated by the curves are ail based upon the use of 98% 
sulphuric acid However, the general effects of temperature 
are apphcable to other strengths of acid , a curve for estimat- 
ing the quantities of other strengths required for equivalent 
treatment is presented in Fig 7 
In an earher paragraph it was stated that the olefines in 
naphtha react with sulphuric acid to yield acid and neutral 



esters The acid sulphates are more soluble in sulphuric 
aad than in hydrocarbons and this reaction is evidenced by 
treating loss However, the neutral esters are quite soluble 
in the naphtha and are decomposed with the formation of 
acidic materials during the distillation step which follows 
acid treatment Neutralization with caustic soda is generally 
practised to prevent corrosion of condensing equipment and 
discoloration of the distillate m storage The effect of treat- 
mg temperature on this caustic consumption is illustrated by 
Fig 8 Low treating temperatures also minimize the caustic 
requuements in the neutralizing step which immediately 
follows acid treatment and water washmg [5, 1934] 

Commercial Application of Low-temperature 
Treatment 

The advantages of the low-tcmperaturc refimng process 
have been demonstrated in an impressive manner by large- 
scale application in California refineries Table II sum- 
marizes the savings resulting from the installation of the 
process for the treatment of naphtha obtained by liqiud 
phase cracking of a fuel oil residuum from California crude 
The examples cover low-temperature treatment at two 


Table I 

Cold Treatment of a Californta Cracked Naphtha at J5-2(JP F compared with Treatment without Cooling Sulphuric 
Acid Requirements and Gasoline Yields— Single Stage or Laboratory Treatment 
Crude Cracked Naphtha Crude 400° F End-pomt Gasoline 

Per cent sulphur 0 62 Per cent sulphur 0 S3 

Per cent 400° F end-point gaso- Octane number 69 9 

hne 76 0 


Percent stdphur in finished 400° F end-pomt 
gasoline 

i 040 _____ 1 

030 

020 

010 

Without 

cooling 

i 15-20^ F 

Without 1 
cooling \ 

15-20° F 

1 Without 

15-20° F 

Without 

15-20° F 

Temperature of treatment 

Lb 98 % acid per 42-gal barrel of naphtha 

42 

70 

87 

11 2 

1 18 7 

160 

58 5 

23 6 

Treatmg loss, % 

26 

29 

48 

43 

84 

55 

18 9 

70 

Polymerization loss, % 

38 

19 

66 1 

28 

11 2 

37 

309 

52 

Tfeabng yield, % 

97 4 

971 

95 2 

95 7 

916 

94 5 

81 1 

93 0 

DishUation yield, % 

73 1 

74 6 

71-0 

73 9 

67 5 

73 2 

52 5 

72 0 

Net yield, % from crude naphtha 

712 

72 4 1 

676 

70 7 

618 

69 2 

42 6 

669 

Net yield, % of original gasoline 

93 8 

95 3 

89 0 

93 0 

81-4 

910 

56 0 

88 1 

Octane number of finished gaaohne 

69 0 

69 1 

680 

68 6 

65 8 

68 0 

55 2 

669 

Loss in octane number 

09 

08 

19 

13 

41 

19 

147 

30 
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Table II 

Investments and Savings 

Cold Treatment of Cracked Naphtha at 2(T F compared to 
Treatment without Cooling for Same Sulphur Reduction 


Efiilmlem acU rtgi^tmenls 
Lb 98 % acid per 42-saI barrel — without cooling 
Lb 98 % acid per 42-gaI barrel— treatment at 20° F 


Savings by cold Irealment 
98 y, acid — lb per 42-gal barrel of naphtha 
“ ■ 'b per 42 gal barrel of na ' ■ 


Oam in octane number, C F R Motor Method 
Equivalent c c tetraethyl lead per gal 

Reduction in A S T M 20’/. temp — ° F 


Kcfrtgeratlm Plant— 1,000 bbl (IPs) dally 
throughput 

Capacity required — tone of refrigeration 
Plant mvenment, approximate 
Operating lequiremenu per 24 houn 
Power— KWH 

Ammonia (loaiei) — approximate pounda 


179 I 60S 
100 , ISO 


7 9 4S5 

I 48 ' 3 86 
0 132 ' 079 


2-3 lS-18 

033-0 50 ' 1 86-22S 
17 I 31 


36 I 65 
S14.600 ' S16.900 

One man per ahift 
805 935 

197 , 228 5 

so S8 



(COMMERCIAL THREE-STAGE COUNTERfljOW TREATMENT) 

Fio 8 Caustic soda Tequirement for redistillation after sulphunc 
acid treatment 

different acid rates, actual data for treatment in the absence 
of cooling being adjusted to conform to the same reductions 
in sulphur content These figures are given for illustrative 
purposes only smee the exact savings vary vnth the type 
of naphtha treated 

Table 11 also includes the approximate imtial investment 
in an ammonia refrigeration plant and the daily operatmg 
requiiemaits for lowering the treating temperature to 


IS-HSF F These figures assume a crude naphtha charge 
of 1,000 barrels daily Fig 9 contains additional data on 
refrigeration requirements 

The type of plant and operating procedure used in com- 
mercial low-temperature treatment have been described in 
detail [5. 1934] 



LBS 0F96X AGO PER BARREL OF CRACKED NAPHTHA 

(COMMEROAL THREE-STAGE OOUHTERFIJOW TREATMENT) 


FiCi 9 Capacity of refrigeration plant for treatment of cracked 
naphthas at 15-20° F 

The treatment is conducted in three-stage counterflow 
equipment, with cooling between stages [3, 1934] to control 
the maximum temperature of the naphtha, usually 15 to 
20° F This type of plant is illustrate in Fig 10 Crude 
naphtha is thoroughly dried, pre-cooled to 0-10° F , and 
contacted in centrifugal pump mixers with partially spent 
acid sludge from the second stage The naphtha and sludge 
layers are separated, the sludge is removed from the system, 
and the naphtha is again cooled before mixing with sludge 
from the third treating stage Sludge separated in the 
second stage is piped to the first stage and the naphtha is 
further cooled before contacting with fresh acid in the third 
and final treatmg stage As the final treatment generates 
considerable heat, the naphtha-sludge mixture is cooled 
before passing to the setthng tank Treated nafihtha from 
the third settler is piped to a rock-packed separator where 
last traces of sludge are removed The sludge-free naph tha 
IS passed throu^ a heat exchanger to cool incommg crude 
naphtha and is then washed with water and finally vnth 
causuc before being pumped to the treated naphtha 
storage tank 

As indicated by the curve in Fig 4, the counterflow 
operation reduces aad requirements by ateut 35-45% com- 
pared with smgle stage or laboratoiy treatment. Expenence 
has shown that in die absence of coolmg a sunilar reduction 
IS not obtained due to the rapid loss m treatmg efiSaency 
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of the acid sludge layer caused by secondary decomposition acid requirements, retention of valuable anti-knock con- 
reactions stituents, and decreased caustic consumption Greater 

The chief advantages of temperature control m sulphuric reduction m gum content, improved colour stability, 

acid treatment of cracked naphthas are thus shown to be elimination of emulsion troubles, &c [5, 1934], are other 

reduction in treating and polymerization losses, decreased attractive features of this process 



Fki 10 Three-stage plant for treatment at low temperatures 


REFERENCES 

1 Davis, W N . and Hampton, W H U S P 1,705,809 (19 6 Kaucmfyskv, V A , and Stagnfr, B A Chemical Refining 

March, 1926J of Petroleum, A C 'i Monograph no 63 (New York, 1933 ) 

2 VJSP 1,869 885 (2 Aug 1932) 7 Uiveil,W O . Campbfll, J M , Boyd, 1 A htd Eng Chem 

3 U S P 1 977,717 (23 Oct 1934) 26, 1105 (1934) 

4 Hallukan, R a Bull API 9 no 7, 153 (1928) 8 Wood, A E, Sheely, C, Trusiy, A W Ind Eng Chem 18, 

5 Proc World Petr Cong,!, 3 (1933) 169 (1926) 








SULPHUR REMOVAL FROM GASES 

ByALFREDR POWELL, B S . A M., Ph D., A I M M.E. 
Researth Division, The Koppers Construction Company, Pittsburgh, Pa 


Occurrence of Sulphur in Refinery and 
Natural Gas 

The sulphur present in refinery gas and m sour natural gas 


IS almost entirely in the form of hydrogen sulphide, HiS 
Quite often very small quantities of orgamc-sulphur com- 
pounds, such as mercaptans, are also present, but the 
amount of organic sulphur does not usually exceed 8 grains 
per 100 cu ft . and, for all practical purposes, the removal 
of organic-sulphur compounds need never be considered 
[15, 1929] 

It has been common practice in the manufactured-gas 
industry to express the hydrogen-sulphide content of the 
gas in terms of grains per 100 cu ft of gas saturated with 
water vapour at 60° F and under an absolute pressure of 
30 in of mercury This convenUon has been quite generally 
adopted for sour natural gas and refinery gas and is used 
here Under these conditions, 1 % by volume of H,S in the 
gas IS equivalent to 635 grains of H,S per 100 cu ft 
The hydrogen-sulphide content of natural gas vanes 
between extremely wide limits, and it is impossible to give 
a really typical figure Most of the natural gas distnbuted 
for commercial and domestic use is ‘sweet' as it comes 
from the wells, that is, it contains no appreciable amount 
of HaS Sour natural gas may contain any quantity from a 
trace up to as high as 10,000 grains per 100 cu ft 
Refinery-still gas has a hydrogen-sulphide content vary- 
ing between 100 grains and 5,000 grains per 100 cu ft , the 
amount depending largely on the sulphur content of the 
crude oil A fairly typical figure is 1,000 grains per 
100 cu ft 

Objects of Sulphur Removal 
Legal restrictions usually specify that gas ofiered for sale 
shall contain not more than 30 grains of total sulphur com- 
pounds per 100 cu ft of gas Under some State laws, the 
requirement is made even more stnngcnt by specifying that 
the gas must contain substantially no H,S However, ex- 
perience has shown that gas containing less than 30 grains 
of total sulphur will produce no sulphur odour or nuisance 
due to the formation of sulphur dioxide, when the gas is 
burned Hydrogen sulphide must usuaUy be removed from 
sow- natural gas or refinery gas sold for city use 
Aside from legal restrictions on gas to be sold, there are 
also several other reasons that make sulphur removal from 
natural and refinery gas very desirable 
The corrosive effect of hydrogen sulphide m gas pipehnes, 
especially when the gas is under pressure and contains 
moisture and oxygen, is well recogmzed and has been quite 
thoroughly investigated Even where the H|S is present in a 
quantity less than 12 grams per 100 cu ft , severe corrosion 
may occur, accordmg to Devine a/ of the U S Bureau 
of Mmes [8, 1933] As a result of their work, they recom- 
mend that the hydrogen sulphide be removed from the gas, 
and/or that the oxygen be reduced and the humidity be 
controlled, if it is desired to reduce corrosion m pipeline 
systems 

Where gasoline is recovered from natural gas or refinery 
gas, there is a distinct advantage m first removing the 


hydrogen sulphide from the gas, in order to avoid the 
recovery of sour gasoline, which must be subjected to 
special treatment Auld [1, 1928] states that the presence 
of H,S in natural gas causes the efficiency of a charcoal- 
process gasoline-recovery plant to decrease to about 50% 
after 10 days' use, due to the formation of free sulphur in 
the pores of the charcoal 

When gas contains high concentrations of hydrogen 
sulphide it IS highly poisonous, and leakage of such natural 
gas may cause serious accidents The removal of the H,S 
makes such gas relatively non-poisonous 

if natural gas containing hydrogen sulphide is used as a 
fuel for internal combustion engines, the corrosion is 
usually quite severe, according to Mills of the U S Bureau 
of Mines [20, 1925] 

Historical 

Processes for the removal of hydrogen sulphide were first 
developed early m the penod of coal-gas manufacture, 
since It was found that the combustion of unpurified gas 
led to the production of disagreeable sulphur fumes harm- 
ful both to the consumer and his property These injurious 
effects led to stnngent legal requirements for the removal 
of HjS from gas intended for household use 

In the earlier days of the manufactured-gas industry lime 
was used almost exclusively for the removal of hydrogen 
sulphide The chief objection to lime, apart from rather 
high operating costs, was the difficulty of disposing of the 
spent lime without involving a public nuisance as evidenced 
by odour and contamination of streams 

The iron-oxide process for purifying coal gas was intro- 
duced about the imddlc of the nineteenth century From 
that time it gradually displaced the hme process, until to- 
day practically no coal-gas plants use hme for purification 
The use of iron oxide for removal of H,S was a notable 
improvement over the old lime process, smee it selectively 
removes hydrogen sulphide with a reasonably high effi- 
ciency, It does not involve the running of an effluent into 
streams, the fouled iron oxide is easily revivified by air so 
that It may remove far more sulphur than the theoretical 
amount for a single fouling, and, with adequate capacity, 
it requires little supervision or attention 

However, m 1 920 a new process for H,S removal, known 
as the Seaboard process of hqmd purification, was intro- 
duced by the Koppers Company Since that tune a very 
large percentage of the gas-purifymg capacity in the Umted 
States, as well as many plants in other countries, have 
changed to or adopted the Seaboard process or other pro- 
cesses using hquids or solutions instead of the dry iron 
oxide It has now become rather common usage m the 
Amencan gas industry to refer to the iron-oxide process as 
‘dry purification’, while the genenc term of ‘hqmd 
purification’ is apphed to the several processes for H,S 
removal developed since 1920 

The many reasons that have led to the rapid adopuon of 
the Seaboard and other hqmd-punfication processes by 
plants produong coal gas or carburetted water gas since 
1920 need not be detailed here, since they have been well 
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described by Sperr [23, 1921], and in various other later 
publications 

Only in very rare cases is the iron-oxide process adaptable 
to the economical removal of hydrogen sulphide from 
refinery or sour natural gas In some instances, where 
the hydrogen-sulphide content of the gas is low, and where 
the gas IS punfied at substantially atmospheric pressure, the 
iron-oxide process might be used 
In nearly all cases, however, the H,S content of the gas 
IS relatively high and usually the gas is under a considerable 
pressure Under these circumstances the iron-oxide box 
system of gas purification is too cumbersome, laborious, 
and expensive a method to be apphed to natural gas and 
refinery-still gas The design of iron-oxide boxes to with- 
stand pressure leads to very high installation costs, whereas 
It IS relatively simple and inexpensive to mstall the absorber 
towers used in hquid purification to withstand any pressure 
that might be encountered With gas contaimng large 
amounts of H,S the fouling of the iron oxide is very rapid, 
and it IS necessary to shut down the boxes very often, in 
order to remove the fouled oxide and replace it with fresh 
material This operation involves considerable labour and 
IS often quite hazardous, due to the pyrophoric nature of 
iron sulphide 

For these reasons, as well as others, there was really no 
practical process available for the purification of high- 
pressure refinery and natural gases containing large 
amounts of sulphur until the introduction of liquid purifi- 
cation in 1920 Since that time, many large liquid-purifi- 
cation plants have been installed 

Liquid Purification Processes for Removal of 
Sulphur from Gases 

All hquid-purification processes consist of two essential 
stages The first step is absorption, where the sulphur- 
containing gas IS contacted with a solution which ab^rbs 
the hydrogen sulphide The absorption is carried out in 
counter-current fashion, with the solution entering at the 
top of the tower and leaving at the bottom, while the foul 
or sour gas enters at the bottom, and the clean gas leaves 
the tower at the top The absorbing tower may contain any 
one of several types of tower packing or may contain trays 
of bubble caps, depending on rate of solution flow, gas- 
pressure, and other conditions 
The second step involves regeneration of the solution, 
freeing it of the sulphur which was taken up in the absorp- 
tion stage, and thereby lendermg it suitable to be returned 
to the absorption stage, where it again functions as an 
absorbent to remove hydrogen sulphide from the gas In 
nearly all cases the process is cyclic and continuous, the 
same solution bemg recirculated more or less continuously 
between the two stages A general review of liquid- 
punfication processes has recently been published by Demg 
and PoweU [7, 1933] 

It IS m the regeneration stage, commonly known as 
‘actification’, that there is the widest vanation in method 
and equipment between different liquid-punfication pro- 
cesses for sulphur removal from gas In the present discus- 
sion liqmd-purification processes will be classified according 
to the principle used m regeneratmg or ‘actifying’ the foul 
solution received from the absorption tower 
By this scheme liquid-purification processes may be 
divided mto four general classes, as follows 
1 Sweep-gas actificabon 


3 Hot actificaUon 

4 Miscellaneous (vacuum actification, electrolytic actifi- 
cation, &c ) 

Under each class various commercial processes will be 
mentioned, and one typical process of each class will be 
described in some detail 

Sweep-gas Actification as typified by the 
Seaboard Process 

The Seaboard process for the removal of H*S from gas is 
not only the earliest liquid-purification process of commercidl 
importance introduced in the United States, as mentioned 
earlier, but it is also the simplest in operation, and has been 
the most popular process up to this date, as evidenced by 
the large number of mstallations At the present time there 
arc more than 50 Seaboard gas-punfication plants in opera- 
tion in the United States and Canada alone Almost one- 
third of these plants are removing hydrogen sulphide from 
refinery-still and sour natural gas 

A general description of the Seaboard process and 
various developments connected with it has been given by 
Sperr [23, 1921 , 24, 1923] The practical apphcation of 
the Seaboard process to refinery and natural gas specifically 
has been described by Jacobson [14, 15, 1929] Burrell and 
Turner [3, 1933] describe the use of the Seaboard process, 
among others, for the removal of H,S from natural and 
refinery gas 



Fig I Seaboard process of gas punfication flow-diagram 

The method of operation of the Seaboard process is 
illustrated by the flow-diagram m Fig 1 The hquid used in 
this process is a solution of sodium carbonate (about 3 %) 
This solution enters the top of the absorber and is sprayed 
on to the packing in this tower The gas, which is passing 
up through this absorber tower, is thereby contacted with 
the solution m a counter-current manner, and nearly all 
of the hydrogen sulphide is absorbed from the gas The 
spent soda solution, contaimng the absorbed H,S, flows 
contmuously out of the bottom of the absorber, and is then 
pumped to the top of a second packed tower, which is called 
the actifier Here the spent solution is sprayed on to the 


2 Chodation-by-air actification. 
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packing and passes down through the acUfier tower, while Company at Wood River, Illinois It has a capacity of 


a current of air, furnished by a blower at the bottom, passes 
up through the tower By this sweep-gas action of the air 
the hydrogen sulphide is largely removed from the solution 
and the actified solution is then in a siutable condition 
agam to be returned to the absorber Most of the H,S 
removed from the gas leaves the plant in the actifier air, 
which IS usually discharged throu^ a high stack 
The principal chemical reaction involved in the Seaboard 
process is as follows 

H,S+Na,COa NaHS+NaHCO, 

This IS a reversible reaction, subject to the ordinary laws 
of mass action In the absorption stage it proceeds to the 
right, in the actification stage, to the left 
One of the side-reactions which occurs to a very small 
extent is the conversion of sodium carbonate to sodium 
thiosulphate, due to the oxidizing action of the air 
Fortunately, the loss of sodium carbonate by this irre- 
versible reaction is very small Another side-reaction, 
which IS more or less essential to the successful working of 
the process, is the conversion of a substantial part of the 
Na,COa into NaHCOj This is caused by the presence of 
COa in the gas being purified or by the COj released by the 
formation of sodium thiosulphate mentioned above After 
a short period of operation the ratio of Na^CO, to NaHCOa 
becomes more or less constant due to attainment of equili- 
brium The presence of NaHCOa in the solution assists m 
the removal of H|S in the actihcation stage 
Experience has indicated that the most economical opera- 
tion can be obtained when the plant is designed for about 
90% removal of the hydrogen sulphide from the gas, if the 
gas IS under ordinary pressure However, if the gas is 
purified under higher pressure, 98 % or higher, removal may 
be secured economically Where the gas is at ordinary 
pressure, secondary removal by iron-oxide boxes is usually 
quite feasible and economical, since the quantity of H,S 
to be removed in these ‘catch boxes’ is small 
The Seaboard process is well suited for the purification 
of gas under pressure m the case of gases not subject 
to liquefaction, and in several installations gas is being 
treat^ up to pressures of 300 lb per sq in or higher 
Where pressures are high, the absorber is designed some- 
what smaller in size, whereas the actifier, where the solution 
is swept with air at ordinary pressure, is of normal size and 
design 

The cost of operating the Seaboard process vanes some- 
what, depending on local conditions and different umt 
costs The table below gives a typical cost analysis 

Table I 

Operating Costs of Seaboard Process 
Kind of gas Refinery-still or natural gas 

Capacity of plant S,000,0(X) cu ft per day (normal 

temp and pressure) 

Sulphur content 1,000 grains H,S per 100 cu ft 

Sulphur removal 98 % 

Gas-pressure 60 lb per sq in gauge 

Per day 

Labour 6 hr at 50 cents per hour S3 00 

Power 1,000 KWH at 1 cent $10 00 

Soda ash 400 Ib at 1 2 cents $4 80 

Maintenance $1 00 

Total operating cost per day SiTso 

Cost per 1,000 cu ft of gas 0 376 cent 

A view of a typical Seaboard process plant is shown in 
Fig 2 This IS the plant of the Ulmois-Missoun Pipe Lane 


6,000,000 cu ft of refinery-sull gas per day and removes 
about 98% of the H,S from gas contammg about 1,000 
grains per 100 cu ft 

Although the Seaboard process is relatively simple and 
economical m operation, and has been very popular for 
these reasons, it possesses the disadvantage of dischargmg 
the H,S removed from the gas along with the actifier air 
This means (1) that there is no by-product recovery of 
sulphur, and (2) that the actifier air containing the H,S 
may be objecUonable if discharged directly mto the atmo- 
sphere However, plants have solved this latter problem by 
utilizing the actifier air under gas producers, boilers, &c , 
[17, 1929] 

Oxidation-by-air Actification as typified by the 
Thylox Process 

Several different processes utilizing the pnnciple of 
oxidation-by-air for actification or regeneration of the 
solution have been developed and put mto commercial 
operation In these processes the solution, after absorbing 
HiS from the gas, is contacted with air However, the air, 
instead of acting as a sweep gas to carry out H^S, as in the 
Seaboard process, oxidizes the solution to produce free 
sulphur, which is carried to the surface of the solution as a 
finely divided suspension, which may be filtered off and the 
sulphur recovered as a by-product Not only is a by- 
product recovered, but also the possible objection of dis- 
charge of HjS into the atmosphere is eliminated, without 
the extra operation of disposing of the air under boilers, &c 
The chief difference between the various processes of this 
type IS m the nature of absorbing solution The Ferrox 
process (Sperr [26, 1926]) employs iron hydroxide in sus- 
pension in a solution of soda ash The Nickel process 
(Cundall [5, 1926]) employs a nickel catalyst suspended in 
a soda-ash solution Several purification plants using these 
processes have been installed by the Koppers Company 
and have been in successful commercial use for years Both 
processes arc suitable for the removal of hydrogen sulphide 
from refinery-still and natural gas 
The Thylox Process The Thylox process (Gollmar 
[10, 1929], Jacobson [16, 1929], Colbert [4, 1930], Mc- 
Bnde [19, 1933], Denig [6, 1933]) employs a solution for 
absorption which is free from suspended matter, and which 
IS practically neutral in reaction Gollmar [11, 1934] has 
described the chemistry of this process The active absorb- 
ing compound in the solution is a mixture of various 
sodium ^oarsenates The principal reaction involved in 
the absorption stage of the process, where the HiS is 
removed from the gas, is as follows 

Na4As,S60,-fH,S = Na4As,S,0-fH,0 
The principal reaction occurring in the actification stage, 
where the solution is regenerated for further use, and where 
the free sulphur is released, is as follows 

Na 4 AsiS 40-|-0 = Na 4 AS)|S 40 t-|- S 
The flow-diagram m Fig 3 illustrates the operation of 
the Thylox process The gas to be punfied passes up 
through the absorber where it is contacted with the 
acbfied Thylox solution m much the same manner as m 
the Seaboard process The punfied gas leaves the top of 
the absorber, the foul Thylox solution is pumped from the 
bottom of the absorber into a tank called the pressure 
thiomzer Compressed air is introduced at the bottom of 
this tank and bubbles up through the solution, finally 
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being discharged into the atmosphere at the top The foul 
Thylox solution from the absorber enters the pressure 
thionizer at the bottom and flows slowly upward to near 
the top, where it is withdrawn again to enter the absorbei 
as an actified or regenerated solution Usually, pressure 
thionizers are operated in series of two or more, in order 
to secure more complete regeneration of the solution 
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Tk, 3 Thylox process of gas purification flow-diagram 

The air which bubbles through the solution in the pres- 
sure thionizer performs two functions (1) it supplies the 
oxygen for the regeneration of the solution, and (2) it 
carnes the finely divided sulphur, which is released by the 
regeneration reaction, to the top of the tower, where it 
flows over a weir as a froth or slurry This sulphur- 
bearing froth flows into the slurry tank, from which it feeds 
to a continuous filter, where the moisture content is re- 
duced to about S0%, and the sulphur is discharged as a 
white cake or paste 

This sulphur paste constitutes a marketable by-product 
which, credited against the cost of purification of the gas, 
largely or completely cancels the operating cost in most 
cases At the present time, several hundred tons per 
annum of this paste are sold as such or converted into other 
forms for use as fungicides in agriculture (Jacobson [18, 
1931], Sauchelli [22. 1933]) The Thylox sulphur-paste 
may also be melted into brimstone in autoclaves At the 
present time several hundred tons per year of this brimstone 
are marketed for sulphuric acid and paper manufacture 

The Thylox process normally shows a somewhat higher 
sulphur-removal efficiency than docs the Seaboard pro- 
cess Removal of 95% or higher of the H,S in the gas is 
fairly common, even when only one stage of absorption 
IS provided. 

Recently the Thylox process has been modified by using 
two stages of absorption in senes instead of one, whereby 
the removal of H^S may be made substantially complete, 
and no iron-oxide ‘catch’ boxes are necessary after the 
liquid-purification plant In this two-stage process the 
make-up solution of arsenic tnoxide and soda ash is added 
to the secondary stage of absorption, thereby producing 
a very active medium for the absorption of the last traces 
of H,S left m the gas after the usual primary stage of 
absorption At the present time, a plant to punfy com- 


pletely 4S,0(X),000 cu ft of blue water-gas per day is being 
constructed for E 1 du Pont de Nemours and Company 
at Belle, West Virginia 

The cost of operating the Thylox process vanes to some 
extent, since it is dependent on many factors peculiar to 
individual plants The following table gives a typical cost 
analysis of the Thylox process for purifying the same gas 
taken as an example in Tabic I Hie or^nary single-stage 
absorption is assumed in this case 

Table II 

Operating Coils of Thylox Process 

Kind of gas Reflnery-still or natural gas 

Capacity of plant 5,000,000 cu ft per day (normal 

temp and pressure) 

Sulphur content 1,000 grains H^S per 100 cu ft 

Sulphur removal 98 

Gas-pressure 60 lb per sq in gauge 

Per day 

Labour 12 hr at 50 cents per hour S6 00 

Pouer 1 200 K W H at 1 cent $12 00 

Suam 15,000 lb at 30 cents per 1,000 lb $4 50 

Wu ash 600 lb at I 2 cents $7 20 

Arsenious oxidi 1 50 lb at 4 cents $6 00 

Maintenanct $2 00 

Total operating cost per day $37 70 

Credo for recovered sulphur 3 tons at $15 00 $45 00 

Net operating credit per day $7 30 

Net credit per 1,000 cu ft of gas 0 146 cent 

As compared with the relatively simple Seaboard process, 
the Thylox process shows a considerably higher gross 
operating cost However, in this typical example, the credit 
established by the recovery of sulphur more than cancels 
this cost, so that there is actually a net operating credit 
As mentioned previously, the Seaboard process does not 
recover sulphur as a by-product 
It IS a thoroughly practical procedure to utilize the by- 
product sulphur of the Thylox process, in the form of 
bnmstone, for the manufacture of sulphuric acid by the 
contact process, and small contact sulphuric-acid plants 
may be operated in connexion with TTiylox purification 
plants, if so desired The brimstone contains a small 
amount of arsenic, which is readily removed in the acid 
plants, following the sulphur burners 
A view of a typical Thylox-process plant is shown in 
Fig 4 This IS the purification plant of the Wisconsin Gas 
and Electric Company at Racine, Wisconsin It has a 
capacity of 10,000,000 cu ft of coal gas per day and 
removes about 98 % of the H,S from gas containing more 
than 3(X) grains per 100 cu ft 

Hot Actification as typified by the 
Phenolate Process 

Several liquid-purihcation processes which heat the 
solution in order to secure actification or regeneration have 
been developed In this type of actification the solution, 
after absorbing H,S from the gas, is heated, usually by 
direct or indirect steam Indirect steam is usually pre- 
ferred, since this avoids diluting the solution with water 
Smee the operation involves alternate heating and cooling 
of the solution in its cycle between the absorption and the 
actification stages, heat exchangers are used in order to 
conserve steam 

In one sense hot actification is really another form of the 
sweep-gas principle used in the Seabrard process Instead 
of air, steam is used as the sweep-gas, or, more properly. 
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sweep-vapour, and necessarily the solution must be near 
Its boiling-point instead of at ordinary temperature One 
of the chief advantages of hot actification over sweep-gas 
actification at ordinary temperatures is that the steam may 
be condensed, thereby allowing almost pure HiS gas to 
leave the actifier, instead of the extremely dilute mixture 
of H,S in air, as m the Seaboard process The H,S gas, 
in this concentrated form, may be burned to produce 
sulphuric acid, or, if it is not desired to utilize it as a 
by-product, it may be burned and the products of com- 
bustion discharged through a stack 

The chief difference between the various processes utiliz- 
ing the hot-actification principle is in the nature of the 
absorbing solution 

The Espenhahn process [9, 1923] uses a solution of 'oda 
ash This process is in practical commercial use and is 
economical with regard to soda ash, though somewhat 
high in steam consumption 

Many processes using ammonia have been tried for the 
purification of coal gas during almost the entire period that 
gas has been manufactured Suspensions of magnesium 
hydroxide m water (Sperr [25, 1925]) and in soda solutions 
(Hall [12, 1925]) have been used with very promismg 
results, although as yet these have not been adopted on 
a large commercial scale Another hot-actihcation process 
described recently (Rue [21, 1932]) uses a solution of lime 
and salt According to Denig and Powell [7, 1933], this 
process does not appear to be commercially feasible The 
Cirdlcr process (Bottoms [2, 1931]) is a hot-actification 
process making use of solutions of certain orgamc amines 
The Girdler process is described in detail in another sec- 
tion of this work Several other methods of gas purification 
making use of the hot-actification prinaple have been 
described in the literature and in patents, but lack of 
space forbids reference to all of them 

The Phenolate Process. The Phenolate process of gas 
purification is one of the more recent developments (1928) 
of the Koppers Company (Denig and Powell [7, 1933]) 
The absorbing liquid is a fairly concentrated solution of 
a phenolate, usually sodium phenolate The foul solution 
IS regenerated by hot actification 

The process involves the reaction 

NaOC,H.4 H,S NaSH | C.H.OH 

If sodium hydroxide alone were used m the purification 
process, the reaction would proceed vigorously to the right 
duruig the absorption stage, but the reverse reaction to the 
left during the actification stage would be almost non- 
existent except by the expenditure of huge quantities of 
steam The process may be brought into more equal 
balance between the two stages, which is quite necessary 
for a cyclic process, by the addition of an auxihaty acidic 
constituent This auxiliary acidic constituent must satisfy 
two condiuons, among others First, it must be a some- 
what weaker acid than H,S, in order that it will not prevent 
the reaction of the solution with HjS in the absorption 
stage Secondly, its acidity must increase with temperature 
in much the same ratio as does hydrogen sulphide, m order 
that It may effectively perform its funcUon of ‘crowding 
out’ the H)|S at the high temperature of the actification 
stage This latter condition is quite necessary and the acids 
satisfymg the requirement are very limited m number, since 
hydrogen sulphide increases in acidity with mcreasing 
temperature very rapidly, as shown by its high negaUve 
heat of electrolj^ic dissociation 

Expenments with a large number of substances have 


shown that phenol and other tar acids are very effective 
as auxihary acidic constituents Furthermore, they are 
relatively mexpensive materials, and are available as com- 
mon chemical commodiUes 

One of the important charactenstics of the sodium- 
phenolate solution used m this process is its high carrying 
capacity for H,S With refinery or natural gases of high 
sulphur content, the solution will carry 2,(X)0 to 4,000 
grains of H,S per gallon, as it flows from the absorption 
to the actification stage This means a relatively low rate 
of solution circulation, and makes the process of special 
value for gas of this nature, especially when the gas is 
purified under pressure 



Fk. 5 Phenolate process of gas purification (low-diagram 


A flow-diagram of the Phenolate process is shown in 
Fig 5 Both the absorber and the actifier towers are pro- 
vided with trays of bubble caps The foul solution from 
the absorber is preheated in the heat exchanger by the 
hot actified solution leaving the actifier The preheated 
foul solution then flows into the top of the actifier, and 
passes down through the actifier from tray to tray until it 
reaches the bottom Here it is heated to boiling by indirect 
steam, and steam and some of the phenol vapori/ed from 
the solution passes up through the trays, thereby releasing 
the H,S from the solution by the combined effect of 
temperature, the sweep-gas action of the steam, and the 
‘crowding-out’ effect of the phenol The steam and some 
phenol leaving the top of the actifier are returned to the 
solution by a reflux condenser, while the hydrogen sulphide 
passes out in a substantially pure form, to be used for the 
producUon of sulphuric acid, &c 

The actified solution leaving the bottom of the actifier 
tower gives off a portion of its heat to the foul solution in 
the heat exchanger, is further cooled in cooling coils, and 
then flows mto the top of the absorber Here it flows down 
from tray to tray in a counter-current relationship to the 
flow of gas undergomg punfication It then leaves the 
bottom of the absorber to agam proceed through the same 
cycle 

The usual sulphur-removal efficiency of the Phenolate 
process is 90% Under high gas-pressures the efficiency 
may be somewhat higher Also it is entirely feasible to 
operate two umts m senes, thereby securing 99% or highitr 
removal of H,S 

The hydrogen sulphide produced as a by-product may 
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be burned under a boiler to furnish steam for the process 
With gas very high ui H,S the steam so generated is suffi- 
cient to operate the process The products of combustion 
may be utilized in a contact sulphunc-acid plant, and a 
careful cost analysis has mdicated that sulphuric acid may 
be produced at very low cost, even m a comparatively 
small unit 

Like all other commercial operations, the cost of 
operating a Phenolate-process plant vanes according to 
conditions in each specific location The following table 
gives a typical cost analysis of the Phenolate process for 
punfying the same gas taken as an example in Tables 1 and 
II In this case single-stage absorption is assumed, and 
also credit is allowed for steam generation by combustion 
of HjS under a special boiler, as well as credit for the H,S 
as a material for sulphuric-acid manufacture The cost 
without these credits is also shown 


Table III 


Operating Cost\ of Phenolate Process 


Kind of gas 
Capacity of plant 

Sulphur content 
Sulphur removal 
Oas pressure 


Refinery still or natural 
5,000,000 cu ft per day (normal 
temp and pressure) 

1,000 grains H.S per 100 lu ft 
90 

60 lb per sq in gauge 

Per day 


Labour 6 hr at SO cents per hour $1 00 

Power 37 K W H at 1 cent $0 37 

Steam 50 000 Ib at 30 cents per 1,000 lb $15 00 

Water 148.000 gal at 1 J eents per 1,000 gal $2 22 

Soda a\h 25 lb at I 2 cents $0 30 

Crude tar and 50 Ib at 7 cents $3 50 

Mamtenanci $2 00 

Total operating cost per day (without credits) $26 39 

Cost per 1 ,000 cu ft ot gas (without credits) 0 528 cent 




Riunem/ H,S 3 tons at $ 1 5 (K) $45 00 

Steam from combustion of H,S, 

70% boiler cfbcieney 

24,000 Ib at 30 cents per 1 000 Ib $7 20 

Total credits $52 20 

Net operating profit (with credits) $25 81 


Operating profit per 1,000 cu ft of gas (with credits) 0516cent 


When compared with the Thylox process, the Phenolate 
process is more attractive for this particular example The 


total operating cost is somewhat less, and the credits are 
higher, due largely to the fact that the heat of combusUon 
of the H,S may be utilized for steam production, before the 
products of combustion pass to the contact suIphunc-acid 
umt In many other situations, especially where the H,S 
content of the gas is low and the gas-pressure is sub- 
stantially atmospheric, the opposite is true and the Thylox 
process becomes more attractive 

The Phenolate process has two disadvantages when 
compared with the Thylox process First, the recovered 
sulphur IS m the form of H,S gas, which is best utilized for 
sulphunc-acid production right at the plant On the other 
hand, the solid sulphur produced by the Thylox process 
may be stored or shipped, as desued, either as agricultural 
sulphur or as brimstone Second, the sulphur-removal 
efficiency of the Phenolate process is usually somewhat 
lower than the Thylox process, as far as the gas is concerned 
However, sulphur losses in the Phenolate process are 
lower, as far as the processmg of the solution is concerned, 
so that the net sulphur recovery from both processes is 
about the same 

The Phenolate process is a recent development and is not as 
yet operating in a large commercial installation, but reliable 
operating and cost data have been obtained from the opera- 
tion of a plant of 1 ,000,000 cu ft per day capacity over an 
extended period Refinery-still gas of high-suIphur content 
under moderate pressure was purified in this plant 

Other Processes 

Several methods of solution actihcauon other than those 
just mentioned have been proposed or used The applica- 
tion of a partial vacuum to the solution, whereby the 
solution IS made to boil at ordinary temperatures, has been 
described by Hultman [13, 1932] He uses a solution of 
soda ash, of much the same composition as that used in 
the Seaboard process Sperr and Hall [27, 1925] use a soda 
solution, which is actified by a combination of heat and 
vacuum Thau [28, 1932] has described a liquid-purification 
process developed in Germany which utilizes a solution of 
potassium ferrocyamde and potassium bicarbonate In 
this process the solution is actified by electrolysis, free 
sulphur being released None of these processes are in use 
in America 
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The Girbotol process for the separation of acidic consti- 
tuents from gaseous mixtures is applicable to the purifica- 
tion of gases in the petroleum industry The process has 
been employed for two purposes the removal and recovery 
of hydrogen sulphide from natural and refinery gas, and 
the separation of carbon dioxide from hydrogen used for 
hydrogenation processes 

Operation of the process is based on the discovery [1, 
1 9^1 , 2, 193 1 ] that certain organic amines form compounds 
with hydrogen sulphide and with carbon dioxide the 
stabilities of which decrease with increase in temperature 
The early development of the process is described by 
Bottoms [3, 1931] Acidic constituents are washed from 
a gas stream by contact with an amine at one temperature 
and subsequently recovered from the amine at a higher 
temperature The reversible reaction may in the case of 
hydrogen sulphide, be represented as follows 
2RNH,+H,S ^ (RNH,), HiS, 
where R represents an organic radical The reaction pro- 
ceeds to the right at low temperatures, and to the left at 
high temperatures 

Operabng Cycle 

A typical flow diagram of the process is shown in Fig 1 
The cycle and equipment employed arc almost identical 
with those of a gasoline absorption plant Gas to be 
treated passes up through a bubble tower of suitable size 
called the absorber Amine solution, at atmospheric 
temperature, enters the absorber and flows down the tower 
from tray to tray picking up the acid gas Purified gas 
leaves the absorber at the top 

Rich amine solution, saturated with acid gas, flows from 
the base of the absorber through heat exchangers, where 
Its temperature is raised to 190-200" F , and into the upper 
part of the reactivator, which also consists of a bubble 
tower, containing in its base a tubular reboiler section and 
at the top a reflux condenser The amine solution, flowmg 
down the tower, is heated to 215-220“ F by steam rising 
from the boiling solution in the reboiler section, and the 
acid gas is expelled and flushed out by ascending vapours 
The acid gas leaves the reactivator saturated with water 
vapour at 190-200" F and flows through the condenser, 
where it is cooled by water and the steam condensed The 
condensate is returned to the reactivator Hot, lean solu- 
tion, stripped of acid gas, flows from the base of the 
reactivator to a pump, thence through the exchangers in 
counter<urrent relation to the cold, rich solution From 
the exchangers the solution passes through water coolers, 
and finally back to the top of the absorber The operation 
of the plant is entirely automatic, requiring only casual 
supervision 

Although water solutions of the amines are usually em- 
ployed, other solvents may be used In certam instances it 
IS possible to circulate an anhydrous hquid amine as the 
absorbent As explained below, pressure, as well as 
temperature, affects the reaction equihbnum, and partial 
reactivation may be obtained by decreasmg the pressure 
on the solution 


The Removal of Hydrogen Sulphide from 
Hydrocarbon Gases 

Separation of hydrogen sulphide from hydrocarbon gases 
is accomplished exactly as described above The gases are 
treated at high or low pressure with equal success, but gas 
under pressuie is purified more economically because 
smaller towers are required and larger volumes of hydrogen 
sulphide are removed per gallon of solution circulated 

The process is particularly well adapted to purifying gas 
containing a high percentage of hydrogen sulphide The 
rate of reaction in the absorption stage is so rapid that com- 
plete stripping may be obtained in a single tower One plant 
IS washing natural gas contaimng 1,500 grains of hydrogen 
sulphide per 100 cu ft and effecting better than 98 
removal consistently When an aqueous absorbing solution 
IS employed no hydrocarbon constituents are removed from 
the gas if the physical conditions of temperature and pics- 
surc are controlled This makes it possible to apply the 
process to the purification of wet gas before the extraction 
of gasoline, and results in lower subsequent treating costs 
to purify the gasoline 

Frequently sour natural gas contains appreciable quan- 
tities of carbon dioxide The cost of purifying the gas from 
hydrogen sulphide would be prohibitive if it were also 
necessary to remove this carbon dioxide There are, how- 
ever, certain amines which have a strong selective affinity 
for hydrogen sulphide, and this impunty may be washed 
out preferentially For example, the hydrogen sulphide in 
a gas contaimng 150 grains per 100 cu ft and 3 5 % carbon 
dioxide may be completely removed with the attendant 
removal of only 0 3 % carbon dioxide 


Utilization of Hydrogen Sulphide 

Hydrogen sulphide is recovered by the process in con- 
centrated form In instances where quantities arc small and 
the sulphur is of no value, it may be burned in a stack or 
under a boiler Large refineries, however, especially those 
treating sour crude, produce great quantities of hydrogen 
sulphide, and its recovery, either as elementary sulphur or 
as sulphunc acid, is entirely justified For the production 
of sulphur, strong hydrogen sulphide from the Girbotol 
plant may be oxidized, in a Claus kiln (a), or by interaction 
with sulphur dioxide (b) produced by combustion of a por- 
tion of the hydrogen sulphide 

2H,S+0,->2H,0+2S (a) 

2H,S+SO,->2H.O+3S (h) 

Many refinenes can profitably convert the recovered 
hydrogen sulphide into sulphuric acid for their own use 
One milhon cubic feet of gas contaimng 460 grains of 
hydrogen sulphide per 100 cu ft cames sufficient sulphur 
for 1 ton of sulphuric acid of 1 8354 sp gr In cases 
where the gas alone does not contain sufficient sulphur for 
the requirements of the refinery, the deficiency may be made 
up by operating a sludge acid recovery system in conjunc- 
tion with the Girbotol process 







Fic 1 Flow sheet of Cirbotol punflcation process 
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The Removal of Carbon Dioxide from Hydrogen 
Large volumes of industrial hydrogen are now prepared 
by reacting methane with steam at a high temperature and 
oxidizing the resulting carbon monoxide to carbon dioxide 
with an additional quantity of steam at a lower temperature 
The reactions are 

CH.+H,0->C0+3H, 

C0+H,0->C0,+H, 

CH, + 2Hj6“^ C0,+4H, 

The resulting gas mixture contains 18-20°^ carbon dioxide 
and practically no carbon monoxide 
In most instances the Girbotol process will remove the 
carbon dioxide more economically than will the older,* 
water-wash process Separation with an amine solution 
may be earned out at atmospheric pressure, whereas the 
solubility of carbon dioxide in water is so low that the gas 
must be compressed before it is washed Even though the 
hydrogen must be subsequently compressed, there is a 
saving of 18-20% in compression cost with the Girbotol 
process because of pnor removal of carbon dioxide Of 
greatest importance, the carbon dioxide may be completely 
eliminated with relatively small volumes of amine solution, 
while very large volumes of water must be employed for 
comparable punfication Before use, the water must be 
decarbonated and de-aerated 

Amines as Absorbents 

Amines are the organic bases, derivatives of ammonia, in 
which one or more of the hydrogen atoms of the ammonia 
molecule are replaced by an organic residue There are 
primary, secondary, and tertiary amines, accordmg to 
whether one, two, or three organic residues are substituted 
for hydrogen There are monoamines, diamines, and poly- 
amines, contaimng one, two, or more ammonia groups 
There are aliphatic amines, in which the nitrogen atom is 
joined to a carbon chain, and aromatic amines, in which 
the nitrogen atom is attached directly to a benzene ring 
There are cycloparallin amines, in which the nitrogen is 
joined to a saturated carbon ring, and amines in which the 
mtrogen atom is a member of a heterocyclic ring Finally, 
there is a miscellaneous group of ammes such as hydrazmes, 
hydroxylanunes, and ureas 

The organic residue may be a simple hydrocarbon, or it 
may contain substituting groups such as hydroxyl or 
carboxyl Two or more similar or dissimilar residues may 
be jomed to the same nitrogen atom The possible com- 
bination and groupings are practically unlimited 


Several hundred amines have been studied as absorbents 
for hydrogen sulphide and carbon dioxide, with the result 
that certain broad conclusions may be drawn regarding the 
suitabihty of the vanous groups Aliphatic and cyclo- 
paraffin ammes arc absorbents, except those which contain 
carboxyl or carbonyl groups This includes primary, 
secondary, and tertiary amines, mono-, di-, and polyammes, 
containing straight chains and saturated rings, substituted 
and unsubstituted Hydrazmes are absorbents Ammes m 
which the nitrogen atom is a member of or attached directly 
to an unsaturated ring, such as aniline, are not absorbents 
Amm» which contain a carboxyl or carbonyl group are 
not absorbents 

Not all the ammes which will absorb acid gases are 
usable m the Girbotol process Some few form stable 
carbonates or hydrosulphides which do not dissociate 
easily at elevated temperatures Others form insoluble 
carbonates The great majority, however, behave normally, 
and the selection of the proper amine for commercial use 
IS a relatively simple process A good amine has the follow- 
ing properties 

High percentage of nitrogen The capacity of an amine 
for acid gases is proportional to its nitrogen content 
Complete miscibility with water Both the amine and its 
acid-gas salts should be freely soluble so that concen- 
trated solutions may be employed 
Low vapour pressure The amine should have a high 
boiling-pomt to prevent losses into the gas stream 
Rapid reaction rate with acid gases The time of contact 
between gas and absorbent necessary for the removal 
of acidic constituents is dependent on the reaction rate 
High temperature coefficient of the dissociation pressure 
of the amme-acid gas salts The dissociation pressure 
of the amine-acid gas salts should be low at absorption 
temperature to permit complete removal of acid gases 
It should be high at reactivation temperature so that 
the acid gases will be easily expelled from the amine 
High Stability 
Low cost 

Amino-alcohols have been found to be the most suitable 
absorbents The hydroxyl group in the molecule increases 
the solubility of the compound in water and raises its 
boiling-point, both desirable effects Of the many amines 
experimented with, those shown m Table 1 have been found 
most satisfactory, and have been employed in commercial 
installations The amines are listed in the order in which 
they were developed Triethanolamme was the original 


Table I 

Commercial Ammes 


] Nitrogen content, Boiling-pomi, 

Amin e Structure , % °C 

Triethanolamine N(CH,CH,OHj, i 94 208 (100 mm) 

Monoethanolamine HjCNH, I 22 9 172 

I 

^ H,COH 
HjCHN, 

Dapol HCOH 311 1 19 (4 mm) 

1 

H,CNH, 

H,CN(CHJ, 

I 

HCOH IJ 8 

I 

H,COH 


Strength wlution Acid gas capacity 
employed, % | of solution, ft >jgal 

50 j 5 5 

15 I 40 


30 no 


Methicol 


217 


20 
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anune, which has now been almost entirely replaced by the 
more efficient monoethanolamine and dapol Methicol is 
an absorbent which has a strong selective affinity for 
hydrogen sulphide, where this gas is to be removed from 
a mixture which also contains carbon dioxide 

Absorption of Acid Gases by Amines 
Amines form compounds with hydrogen sulphide and 
carbon dioxide similar to those formed by ammonia These 
are the normal and acid carbonates and sulphides Some 
have been isolated as crystalline compounds, others exist 
only m solution, at normal temperatures Primary and 
secondary amines also form carbamates, RNHCOONH,!?, 
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C0,+H,0->H,C0, (a) 

2R,N+Hj|CO,-> (R 3 N), H,CO, (b) 

The overall rate of absorption of carbon dioxide by tertiary 
amines is appreciably slower than by primary and secon- 
dary amines, and it appears that the rate of reaction (a), 
rather than diffusion, is the controlling factor m the absorp- 
Uon Similar observaUons have been made by Payne and 
Dodge [4, 1932] m discussing their own and other in- 
vestigators’ results on the absorption of carbon dioxide by 
water and alkali media The rate vanes with different 
ternary amines, but is in all cases slower than with pnmaiy 
and secondary amines 



similar to ammonium carbamate The stability of the salts 
varies widely with the different amines For a particular 
amine, the stability is dependent on the temperature and 
parUal pressure of the acid gas over the solution These 
latter facts form the basis for the Girbotol process 

Equihbnum data for carbon dioxide and 30% dapol 
solution are shown in Fig 2 Values for hydrogen sulphide 
are quite similar It is generally true that equihbnum 
conditions of amine carbonates and sulphides are ap- 
proximately the same The effects of temperature and 
partial pressure are shown in the appended curves The 
capacity of the amme solution mcreases rapidly with m- 
crease m acid-gas content of the mixture being treated, and 
with increase in pressure, which raises the partial pressure 
of the acid gas present 

The overall rate of absorption of hydrogen sulphide by 
ammes is in all cases high It is governed entirely by the 
rate of diffusion of hydrogen sulphide from gas to soIuUon 
and IS therefore proportional to the efficiency of contact 
and the viscosity of the solution The reacUon rate of 
amme and hydrogen sulphide is practically instantaneous 
The overall absorption rate of carbon dioxide by pnmaiy 
and secondary ammes is also high Carbamates are ap- 
parently formed instantaneously, and the overall rate is 
agam controlled by the rate of diffusion 

Tertiary amines cannot react with anhydrous carbon 
dioxide The absorption requires two chemical reacbons 


The above observed facts led to the development of 
methicol and similar ammes which will absorb hydrogen 
sulphide preferentially from carbon-dioxide-bearmg gases 
All amines show a slight preferential absorption for hydro- 
gen sulphide, due, no doubt, to its greater solubihty and 
lower molecular weight and higher diffusion rate m the gas 
phase, as compared to carbon dioxide But with tertiary 
amines the selectivity of absorption is marked Fig 3 
shows the relaUve rates of absorption of hydrogen sulphide 
and carbon dioxide by triethanolamine where the partial 
pressure of the gas is m each case 760 mm 
In Fig 4 the absorption of hydrogen sulphide and carbon 
dioxide by a 15 % methicol solution is shown These repre- 
sent laboratory data, obtained by bubblmg a gas mixture 
containing 600 grams (approximately 1 %) of hydrogen sul- 
phide per 100 cu ft and 3 3 % carbon dioxide through 
the soluUon, and determining the COa and HaS content of 
the solution at frequent mtervals Carbon dioxide is ab- 
sorbed at a uniformly slow rate Hydrogen sulphide is 
absorbed rapidly at first, but as the concentration of total 
gases m the solution approaches equihbnum for the partial 
pressure existmg m the gas phase, the hydrogen sulphide 
absorption drops off and eventually passes through a maxi- 
mum Carbon dioxide is the stronger of the two aads, 
and, after the solution is saturated, it displaces a portion 
of the hydrogen sulphide In a commercial plant the 
absorption is carried only to a point corresponding on 
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this curve to 70-80 minutes, to produce good preferential 
removal 

Reactivation 

Reactivation is best earned out by raising the tempera- 
ture of the amine solution The capacity of tnethanolamine 
and dapol at various temperatures is shown m Fig S As 


The heat required for reactivation is made up of three 
Items 

1 The heat necessary to raise the solution from the 
temperature of the feed plate to its boiling-point 

2 The heat required to dissociate the amine-aad gas 
compound 




Fig 4 Absorption of carbon dioxide and hydrogen sulphide by ‘methicol’ soluuon 


the temperature of the solution approaches the boiling- 
point the acid gases are expelled rapidly In the bubble- 
plate type reactivator employed in commercial plants, 
steam from the boilmg solution in the base continuously 
sweeps the hberated acid gas up the tower and keeps the 
partial pressure of the gas over the solution on the lower 
plates down to a pomt where rapid reactivation is obtamed 


3 The heat required to vaporize the water which satu- 
rates the acid gas as it leaves the feed plates. 

Item 2 IS determined experimentally for each amine and 
represents a small proportion of the total reqmrement 
Items 1 and 3 can be calculated for any set of conditions 
It IS found in making the calculation that the total heat 
requirement is dependent on the feed-plate temperature. 
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and that there is an optimum feed-plate temperature for 
each degree of solution saturation lliis is shovm m Fig 6, 
where the steam requirement for reactivation is plotted 
against feed-plate temperature at various degrees of solu- 
tion saturation If the feed-plate temperature is low, two 
much heat is consumed m heating the solution as it passes 
down the tower If the temperature is high, too much steam 
IS boiled away with the escaping acid gas The higher the 
degree of solution saturation, the lower the optimum feed- 
plate temperature 

By applying these facts to plant design, an economical 
steam rate for the process is obtained 

Stability of Amines 

The amines now employed in the Girbotol process are 
entirely stable under plant conditions The usual consti- 
tuents of industnal gas mixtures, such as hydrocarbons, 
hydrogen, carbon monoxide, mtrogen, ammonia, are with- 
out effect on the amines Oxygen, present in a gas contam- 
ing hydrogen sulphide, produces a slow accumulation of 
thiosulphunc acid in the solution In instances of this kind. 
It IS commercial practice to add an inorganic alkali, such as 
soda ash, to the solution at intervals, in proportion to the 
thiosulphuric acid present to fix it as the sodium salt The 
amine itself is not affected by this procedure, and the ab- 
sorption efficiency of the solution is not impaued until large 
quantities of sodium thiosulphate have accumulated One 
plant removing Ii,S from natural gas containing 4% air 
has been in operation for over 2 years without any inter- 
ference from the small amount of thiosulphate that has 
accumulated 

TtMPtR AToae - t Strong acids, such as sulphur dioxide, and organic acids 

Fio 5 Effeci of temperature on acid gases in amine soiubon and aldehydes, form Stable, neutral compounds with the 

amines, just as does thiosulphuric acid If present they are 
removed in a scrubber ahead of the 
Girbotol plant When small quanti- 
ties of these compounds are absorbed 
in the amine solution, they are fixed 
as sodium salts by the addition of 
soda ash, and the amine is not 
adversely affected Carbon bisul- 
phide IS not absorbed by tertiary 
amines Primary and secondary 
amines react slowly with carbon 
bisulphide to form dithiocarbamates 
and related compounds 

Mateiiak of Constmetion 
Low carbon steel and cast iron ate 
satisfactory materials of construction 
for Girbotol plants Nickel, monel 
metal, and the various chrome and 
chrome-nickel steek are also suit- 
able No copper, zinc, alummium, 
or alloys contaming them (except 
monel metal) can be used, because, 
hke ammoma, the amines attack 
these metals Standard ammoiua 
gasket and packing materials are 

Fio 6 Steam requirements for reactivation satisfactory 
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THEORETICAL PRINCIPLES OF SOLVENT EXTRACTION 

By T. G. HUNTER, PhD,AR.T.C. AIC.MJnst.PT. 

Lecturer, Department of Oil Engineering and ^fining. University of Birmingham, England 


Equilibria in Liqiud-liquid Systems of Three 
Components 

For the simplest case of an isothermal system, m which 
a common solute is distributed between two liquid phases, 
solute concentraUons can be systematized by the distribu- 
tion law, which takes the form 



where Ci = the concentration of the solute m the first 
liquid phase, 

C, = the concentration of the solute in the second 
liquid phase, 

and K — a. constant dependent only upon temperature 
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If the solute consists of different substances, the law holds 
for each single material 

In systems where dissociation or association of the solute 
occurs, however, certain corrections are necessary In the 
case where the solute is associated in the second solvent, 
and exists chiefly as double molecules, then the number of 
single molecules in this second solvent is proportional to 
the square root of the concentration, and the equilibrium 



The distribution law is only strictly valid if both liquid 
phases arc mutually insoluble, or do not have their mutual 
solubility altered by the distributed solute This condition 
IS never realized over a wide concentration range, but at 
small concentrations the effect is negligible and the dis- 
tnbution law can be applied 
Representation of equilibrium in an isothermal ternary 
system over a wide concentration range by a simple mathe- 
matical expression is therefore almost impossible, and 
the best representation of such a case is a graphical one 
employing triangular coordinates 
The distribution of acetic acid between chloroform and 
water can be represented in this way by the single binodial 
curve of the form shown in Fig 1 All ternary mixtures 
whose compositions are represented by points falling in 
the triangle outside the area akb give rise to single homo- 
geneous solutions All mixtures represented by points 
fallmg within the area bounded by the binodial curve 
akb generate two ternary or binary solutions 
Chloroform and water, having alimited solubility, give rise 
to two conjugate binary solutions a and b As acetic acid 
distributes itself between the two 



CONCCNTIUTDN or ACETIC ACIO IN CHlOftOrORM PHAM. ORMS/lOO OffMfc SOLUTION 
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liquids It brings about an increase 
in the mutual solubility of the 
chloroform and water The two 
phases become closer and closer to 
each other in composition until at 
k, the critical or plait point, they 
bwome idenucal In Fig 2 the 
distribution ratio of acid between 
the two phases has been plotted 
against the acid concentration in 
the heavier (chloroform) phase, and 
shows how this ratio varies as the 
acid brings about changes in the 
mutual solubility of the two phases 
A distribution curve which followed 
the distribution law exactly would 
be shown by two straight lines 
running from a to C and from b to 
Cm Fig 1 

In a tematy system of which two 
of the binary systems exhibit limited 
solubility, two binodial curves aie 
obtamedasmFig 3(a) These curves 
can be made to expand by altermg 
the temperature of the system until 
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they meet If this juncture takes place at two plait points, 
the two binodial curves merge into each other to form 
a continuous band, as in Fig 3 (A) If, however, the two 
curves meet in such a way that the two plait points do 
not coincide, the formation ot an area occurs in which 
three liquid phases are coexistent {abc of Fig 3 (c)) Where 
three of the binary systems show partial miscibility similar 
phenomena occur An interesting industrial example of 
the formation of three liquid layers is sometunes found 


are defined and is true whether the phases are binary, 
ternary, &c , or whether their composition is defined by 
the sides of a rectangle, triangle, or space figure These 
conclusions can be expressed as 

mQ-f nF= (m+n)Ji (3) 

Consider the composition of a phase S which lies on 
the straight hne QF, but not between the points Q and F 
Since the point Q now lies between S and F, its composition 



W 

Fig 3 


to occur in the steam distillation of petrol with a high 
phenol content produced by the hydrogenation of coal 

If a series of single isothermal buiodials for any system 
at various temperatures were placed one above the other 
in regular order, they would produce a triangular prism in 
which temperature was measured upwards The binodial 
curves would form boundary surfaces of a cone-shaped 
volume representing the concentration and temperature 
limits of the conjugate solutions The projection of the 
isothermal binodial curves at different temperatures on 
to the base of the prism would produce a plane figure 
showing the temperature variable in the form of a series 
of binodial curves 

Mathematical Properties of Triangular Coordinates 

In the equilateral triangle chosen for the graphic repre- 
sentation of a ternary system each pure component is, of 
course, represented by a vertex of the triangle A point 
inside the triangle represents a mixture made up of com- 
ponents A, B, and C in amounts proportional to the per- 
pendiculars from this point to the sides opposite verUces 
A, B, and C respectively 


S Q R P 
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In Fig 4, if the two points Q and F represent the com- 
positions of two ternary phases defined by the position of 
two points m an equilateral tnangle, then the composition 
of a third phase formed by mixmg these two in the pro- 
portion of the lengths m and n is represented by the point 
R It should be nobced that the amount of Q contained 
m the mixture R is proportional to that section (RP) of the 
line QF whidi hes farther from the pomt Q The amount 
of P IS proportional to the section {RQ) which lies farther 
from the pqjnt P This is a purely mathematical deduction, 
and can be shown by geometrical methods to be indepen- 
dent of the number of components assumed for Q and P, 
and of the axes by means of which the position of the pomts 


can be expressed in terms of S and P in accordance with 
equation (3) 

qS+rF = {q+r)Q, (4) 

where FQ and QS equal q and r respectively 
Hence 

qS = (q+r)Q-rF (5) 

The phase S cannot therefore be considered a mixture 
of positive amounts of the two phases Q and P, and can 
never actually result from a simple physical mixture of 
Q and P, but can be considered mathematically as a nux- 
ture of these two phases in negative proportion, which is 


Therefore every pomt on the line QF, produced in- 
definitely at both ends, represents a complex which can be 
expressed mathematically in terms of the compositions of 
the two phases Q and P 


A 



By applying these deduebons to any point m the plane 
of the equilateral tnangle ABC, but lymg outside this 
tnangle, it is obvious that such a pomt, S m Fig 5, can 
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be expressed in terms of the two phases P and Q lying 
inside the triangle Further, this point can still be expressed 
in terms of the three components A, B, and C if the use of 
negative concentration values is admitted 

Thus the mixture, complex, or phase represented by 
pomt 5 can be considered as a mixture of the three com- 
ponents A, B, and C, and the concentration of one or more 
of these components in the mixture is negative, in the above 
case component C 

Computations for Liquid-liquid Systems of Three 
Components 

Computation methods for extraction processes are 
based on the equilibrium relationships for the particular 
system employed Simple mathematical computations can 
be applied where these relationships can be characterized 
by the distribution law, but where such relationships can 
only be adequately represented graphically, graphical 
methods of computation must be employed 

Where the two liquids, treated liquid and solvent, are 
completely immiscible and where the solute is distributed 
between them m accordance with the distribution law, 
computations for batch or single-stage extraction pro- 
cesses are purely arithmetical applications of this law. 
computations for the multiple-contact extraction method, 
on the other hand, are more complicated, and have been 
exhaustively discussed m the literature 

Calculations for successive extractions with batches of 
fresh solvent have been put forward by Herz [8, 1909], 
Smith 114, 1928], Hollcman [9, 1932], and Fischer [5, 
1929], while a graphical method has been described by 
Evans [2, 1934] Successive extracUon with batches of 
solvent containmg some dissolved solute has been 
discussed by Underwood [16, 1934] In the multiple- 
contact method the most efficient extraction is obtamed 
when the solvent is subdivided mto batches of equal 
volume, and this condition has been dealt with fully by 
several investigators [9, 1932, 14, 1928, 15, 1928, 17, 
1928] With a tinite volume of solvent available for ex- 
traction the limit of the process with the solvent subdivided 
into many porUons has been investigated theoretically by 
Evans [1, 1934] and Griffin [7, 1934] 

When the solute exists in one liquid as single molecules 
and ui the other liquid chiefly as double molecules the 
distribution equilibnum is given by a formula of the type 
K = CJ^Ct, and computations for this special case have 
been denved by Friedrichs [6, 1932] and by Hunter and 
Nash [11, 1933] A more complicated case of solute 
association is often found, for example, in the distnbution 
of phenol between benzene and water where the solute 
exists in one phase partly as single and partly as tnple 
molecules Muluple-extraction calculations for this type 
of equilibrium have been discussed by Hunter and Nash 
[11, 1933] 

All these computations apply to special cases where 
some comparauvely simple distribution equilibrium is 
maintamed over a limit^ solute concentration range 
and where the two solvent liquids are completely unmiscible 
or where their partial miscibility is not materially altered 
by the presence of the distributed solute Equilibnum 
relations for the general case where the partial miscibility 
of the two solvent liquids varies with the concentration of 
the distributed solute are, as has already been shown, 
best represented graphically on triangular coordmates A 
graphical method of computation applicable to this general 


case has been described by Hunter and Nash [12, 1934], 
and reviewed together with other computation methods 
by Evans [2, 1934] 

As in the multiple-contact method, computations for 
countercurrent extraction for the simplest case of two 
immiscible hqmds m which a solute is distributed m 
accordance with the distnbution law have been well estab- 
lished The various mathematical and graphical treatments 
possible have been exhaustively described by Hunter and 
Nash [10, 1932], who have also desenbed a graphical 
method of computation [12, 1934], using triangular co- 
ordmates for the general case 

Batch or Single-contact Processes 
The method of computation for isothermal single- 
contact processes employs the usual method of interpreting 
the three<omponent equilibrium isotherm 
Consider a pure liquid B containing a dissolved solute 
A, which IS to be removed by contacting the solution with 
d second liquid C Let the equilibrium between these three 
components of the system at a constant operating tem- 



perature be represented by the binodial curve in Fig 6 
Suppose the composition of the solution of in R to be 
treated is given by the point M in Fig 6 Let the ratio of 
solvent liquid C to the solution to be treated M be 
Solution M, in amount R«, is mixed with solvent C, 
m amount R„ in the contacting process The composition 
of the mixture resultmg from ffiis operation must lie on 
the straight line MC (Fig 6) If this composition is denoted 
by the point Si, then m accordance with the rule expressed 
equation (3) the ratio of the lengths MSi to SiC must be 
equal to RJ^ The complex St given by the mixmg of 
M and C falls withm the area bounded by the binodial 
distribution curve and must therefore separate into two 
ternary component phases The composition of these two 
phases is given by the tie-lme passmg through S and mter- 
sectmg the bmodial m Ox and Ni The points Oi and Ni, 
therefore, represent the composition of the two phases 
resulting from the contacting process, and the composition 
of the extract remauung when all solvent is removed from 
It IS obtamed by joimng C to Ni and produemg the hne 
to mtersect AB m Xi Similarly, the composition of the 
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treated solution after removal of solvent is obtained by 
producing COi to mtersect AB in Ti 

The point Si represents the composition of the complex 
obtamed by mixing the two temaiy phases Oi and N, 
Agam, according to the rule denoted by equation (3) the 
amoimts of the extract and treated solutions before solvent 
removal must be propoitional to the lengths of the lines 
OiSi and SiATj, and the amounts of these solutions after 
solvent has been removed arc proportional to the lengths 
of the lines TjAf and MX^ 

The result from a single-stage contacting process can 
therefore be computed as follows The two points on the 
temaiy diagram represenUng the 
composition of the solution to be 
treated and the treating solvent 
arc jomed by a straight Ime The ' ' " 

line so obtained is divided in the 
ratio of the amounts of solvent to 
solution to be contacted giving 
a pomt 5i The tic-linc passing q_ c 

through Si IS drawn and intersects * ' ’ « i ' ' 

the binodial in two points repre- 
senting the composition of the 
extract and treated solutions, Ni 
and Oi respectively The amounts 
of extract and treated solutions are 
calculated from the length of the 
lines OiSi and SiNi 

Multiple-contact Processes 

In this process mixing and 
separation of the two liquids as 
in the single-contact process is 
followed by contact of tlie treated 
liquid, after separation into two 
layers and removal of the extract 
layer, with fresh solvent 

Suppose, as in the previous case, 
we have a solution represented by 
point Af on Fig 6, and treated 
with a solvent hquid C in the latio 
RJR^ The treated liquid ob- 
tained from this process, after 
separation of the extract layer, is agam treated with fresh 
solvent in the ratio 

By the same construction as before the amounts and 
compositions of the two phases resulting from the first- 
stage treatment are ascertained, namely, Oi and N, The 
phase O, is now mixed with fresh solvent C in the ratio 
, by joining the points Oj and C, and dividmg the 
line 0,C in this ratio the composition of the complex 
resulung from this mixture is obtained, that is, 5, in Fig 6 
The tie-lme passuig through this pomt gives the composition 
and amounts of the two phases into which it separates, 
Ot and Nf The composition and amounts of the two 
resulting complexes when the solvent associated with them 
has been removed is given by the points T, and A', and the 
lengths of the hues Ar.Ti and TiT, 

By means of these graphical methods the process results 
which can be obtained by means of single- and mulUple- 
contact processes can be easily computed for simple 
three-component systems One assumpuon, however, is 
involved in this treatment— that each contacting stage in 
such a process is theoretically ideal, or, expressed otherwise, 
that complete equihbrium is attained between the two 
phases resultmg from each contacting stage 
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Countercunrent Contact Processes 
Consider a substance A dissolved in a liquid B, con- 
tacted countercurrently in an isothermal system of n stages 
with a solvent C, which is punfymg B by the extraction of 
solute A The equilibrium between the three components 
IS again represented by a single bmodial curve of the form 
shown in Fig 1 Let the weight of solution to be treated 
entering the system per unit time be P, and the weight 
rate of solution or solvent stream leaving any stage be 
P and IV combined with a suffix describing the number of 
the Stage such stream has just left Further, let the com- 
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position of the two liquid streams be desenbed by the 
letters a, b, and c for the three components of the solu- 
tion to be treated and by A, B, and C for the com- 
ponents of the solvent, such letters representing the 
weight fractions of each component present Let the weight 
fractions of a component in a hquid stream leaving any 
stage be described by a suffix denoting the number of 
the stage such stream has just left A diagram of this 
system complete with the appropnate symbols is shown 
mFig 7, 

Assummg contmuity of operation and takmg a total 
weight balance over each stage of the system we obtaui 


p+yVt==Pi+iVi 

(6) 

Pi+fV» = Pt-\-lVi 

(7) 


(8) 


If we call the weight of the solution stream flowmg 
upwards at any pomt less the weight of the solvent stream 
flowing downwards at the same pomt the total upward 
flow, then at the entrance to the first stage the total up- 
ward flow IS given hyP—Wi, and similarly at the entrance to 
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stage 2 and stage n by P^- IVt. and P„.i- Wi respectively 
By rearranging equations (6), (7), and (8) we get 


p- If', = p, If', 

(9) 

P,- 1K,--P,”lf', 

(10) 

Pn-y.-^^ - Pn-Wn+X 

(11) 

P.-W,- Pn-y-W. - Pn-Wn^, 

(12) 


That IS, the amount of the total upward flow taken at any 
cross-scction ot the system is a constant By taking a 
material balance of component A at the entrance to each 
stage It can be shown that 

^..-1 = Pn a„- (13) 

and similarly for components B and C That is, the amount 
of the total upward flow of any component taken at any cross- 


Equation (17) together with two similar equations referring 
to components B and C show that if the phase whose 
composition is represented by the point S is mixed in 
negative proportion with a phase whose composition is 
that of the treated solution in any horizontal plane through 
the system, such mixture generates a phase whose composi- 
tion is that of the solvent in the same horizontal plane 
That IS, the points representing the composition of any 
two phases of composition a„, bn, c«, and A„+i, 
lie on a straight line passing through point S In accor- 
dance with equation (5) the length of the line joining the 
pomt On, hn, Cn and the point A„+i, must be 

proportional to the quantity (P„ - iVn+i) and the length of 
the line joimng the pomt A„^i, Bn+u C„+„ and the point S 
must be proportional to the quantity P* 

Smee the quantity of solvent in the solvent phase will 



always exceed the quantity of sol- 
vent dissolved in the phase being 
treated, the composition repre- 
sented by point 5 must possess a 
negative concentration of solvent, 
and therefore be outside the tri- 
angle ABC 

Computations for the counter- 
current system just considered 
usually involve a knowledge of 
the composition and amount of 
material to be treated, P, the 
ratio of solvent to treated material 
Wn+i/P, and the composition of the 
refined matenal desired 
It IS usually required to calculate 

(а) the amount of solvent asso- 
ciated with the refined 
matenal, 

(б) the amount and composi- 
tion of the extract, 

and (c) the number of extraction 


hio % 


stages required 


sccUon of the system is a constant It follows at once that 
the composition of the total upward flow through any cross- 
section of the system is a constant, and can be represented 
by a point, S The triangular coordinates of the point S, 
representing the weight fractions of the three components 
in the matenal flowing upwards in the system, are therefore 


If the total quantity of material flowing upwards 
(Pk— W{,+i) were mixed in negative amount with the exit 
Stream from stage n of the solution to be treated, P,, the 
amount of the solvent stream entenng stage n would 
be obtained, since 

n-(P„-M',.+i)= (15) 

Similar relations hold for mixmg the amount of each 
component flowing upwards m negaUve amount with the 
amount of that component in the P stream For example, 
with component A we have 

On~CPn lFn+1 ■'^ii+i) = (16) 

This can be rewntten as 

an-(Pn- H'«+l)5a = An^, (17) 


In Fig 8 let points D and J repre- 
sent the composition of the matenal to be treated and of 
the desired refined matenal respectively, and the point C 
the composition of the solvent employ^ The amount of 
solvent associated with the refined material is obtained 
from the pomt K where the line joining / and C intersects 
the binodial curve 

Refemng for a moment to Fig 7 and taking a matenal 
balance over the entire system, we have 

P+fVn+l^Pn+iVl ( 18 ) 

That IS, the complex obtained by mixing solvent and 
matenal to be treated can also be obtamed by mixmg the 
two exit streams from the system It follows that the hne 
jommg the two points represenUng the composition of 
the two inlet streams must mtersect the line joining the 
pomts represenUng the composition of the two exit streams 
at a pomt L Therefore by joimng pomts D and C, m 
Fig 8, and dividmg the Ime DC in the ratio Wn»,IP we 
locate the point L, such that DLjLC = Wn^JP By joining 
pomts K\o L and producing KL to mtersect the binodial 
curve at E the pomt representing the composiUon of the 
extract is located and the raUo KLjLE equals W^fPn 

It will be seen from Fig 7 that the extract is also the 
solvent stream leaving stage 1, and m an ideal stage, which 
IS the type of stage being considered, the solvent leaving 
a stage IS by definiUon m eqmhbnum with the treated 
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material leaving the same stage The composition of the 
treated material leaving the first stage is therefore located by 
the tie-lme passing through E, and is the pomt Fui Fig 8 
We must now locate the point representmg the composition 
of the solvent leavmg stage 2 As has been shown above, 
the point S must be on the hne passmg through the points 
D and E and can be found by the relation 
^ (P-W'i) 

ES ' " P 

The composition of the solvent leavmg stage 2 can 
therefore be obtained from the intersection of the line FS 
with the bmodial at G Drawing the tie-line through C 
completes the representation of stage 
2 Further construction on these 
lines enables the number of ideal 
stages (three in the case of Fig 8) 
required to be calculated Should 
an auxiliary line passing through 
pomt S coincide with a tie-lme, no 
further extraction is possible with 
the conditions employed 

Non-isothermal Processes 
Only isothermal processes have 
been studied in connexion with the 
three methods of contacting Systems 
in which the temperature is varied in 
the different stages employed offer 
no difficulty, provided the tempera- 
ture of each extraction stage is 
known and is maintained constant 
In Fig 9 the graphical representa- 
tion of a three-stage countercurrent 
process employing a working tem- 
perature of 10‘ C , 20“ C , and 30“' C 
m stages f, 2, and 3 respectively is 
shown The method of solution 
closely follows that laid down in regard to Fig 8 and is 
sufficiently obvious not to require further amplification 

Equilibria in Complex Hydrocarbon-solvmit Systems 
Where solvent extraction is employed for the removal 
of undesirable constituents from petroleum products, such 
as the extraction of aromatics from kerosme by liquid 
sulphur dioxide and the extraction of the more unsaturated 
constituents from lubricating oils by nitrobenzene, phenol, 
or dichloro-ethyl ether, the equilibria involved cannot be 
represented exactly by any simple means Exact representa- 
tion can only be obtained by the use of complex methods 
mvolving a comprehensive knowledge of the constituents 
of such petroleum products Even if our present state of 
knowledge were sufficient to enable exact equilibna 
relationships to be compiled, it is doubtful if the resultant 
phase representations would be suitable for purposes of 
computation, since the major essentials of a successful 
method of computation must combine simplicity, ease, 
and speed of calculation with reasonable accuracy, all of 
which demand the simplest possible representation of 
equihbnum relationships However, this problem is sim- 
plified by our ignorance of the chemical nature of petroleum 
products, and equihbria characterization on the following 
Imes devised by Hunter and Nash [11, 1933] leads to an 
approximate but satisfactory solution 
In the solvent refimng of an oil the solvent tends to split 
the oil into two fractions, soluble and less soluble, possess- 


ing different physical characteristics These two fractions 
do not represent a sharp separation of the oil into purely 
soluble and less soluble constituents, but are mixtures of 
both In certain special cases the nature of the soluble and 
less soluble constituents may be known as, for example, m 
the refining of kerosme where the more soluble constituents 
are aromatic hydrocarbons and the less soluble non- 
aromatic In this case where the amounts of aromatic 
and non-aromatic hydrocarbons are readily determmed 
by analysis then the oil may be considered as a simple 
two-component system, the two components being each 
complex mixtures of aromatic and non-aromatic hydro- 
carbons respectively The resulting oil-solvent system may 


then be treated as a simple ternary system and equilibrium 
relations represented on triangular coordinates in terms of 
solvent, aromatics, and non-aromatics, while the already 
desenbed triangular coordinate graphical method, suitable 
for the general case in ternary systems where the partial 
miscibility of the two solvent components is altered by the 
distributed component, may be used for both multiple 
and countercurrent extraction computations Such cases 
where the oil can be analysed in terms of two groups of 
constituents are, however, relatively rare and unimportant, 
compared with cases where such analysis is impossible 
The chemical nature of the hydrocarbon groups present 
in any lubricating oil, for instance, is not known Such oils 
are usually considered to be made up of two major groups 
of constituents generally referred to as naphthenic and 
paraffinic, where the term naphthenic is to be interpreted 
as denoting a mixture of hydrocarbon groups relatively 
poor m hydrogen, and the term paraffinic as a mixture ol 
hydrocarbon groups relatively rich in hydrogen Lubricat- 
ing oils are then designated naphthenic m character or 
paraffinic in character by virtue of the numencal value of 
certain physical properties like the viscosity index (V I ) or 
the viscosity gravity constant (V G C ) The number and 
actual chemical nature of the hydrocarbon groups present 
in any particular product is still entirely speculative It 
IS known, however, that the groups comparatively poor in 
hydrogen form the bulk of the undesirable constituents 
which have to be removed to produce a good lubricating 
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oil It IS also known that such constituents possess a high 
value for the V G C and a low value for the V I , while 
conversely the desirable or so-called parafiuiic constituents 
have respectively low and high values for these physical 
properties The degree of refining of a lubricating oil 
stock may, therefore, be followed and controlled to a cer- 
tem extent by the use of these or similar physical properties 

Therefore with our present state of knowledge, m order 
to represent the equilibrium relations m an oil-solvent 
system it is only necessary to record by some suitable means 
the following information 

(1) Amounts of the two phases in equilibrium 

(2) Amount of solvent m each phase at equilibrium 

(3) A physical property of the oil present in each phase 
at equilibrium 

Items (2) and (3) of this information can be recorded 
by a single point on a triangular graph of which one vertex 
represents pure solvent, and one side, opposite to this vertex, 
IS scaled into units representing the required physical 
property of the solvent-free oil The equilibrium resulting 
between a lubricating oil and nitrobenzene at 10“ C is 
shown in Table I 

Table 1 

Lubricating Oil Stock A and Nitrobenzene at IQ" C 

g ^ ' Rnffinalr layer Extract kner 

' y \ y. ' 

sotvent I original VCC % i original VC C *. 

to oil oil In of oil m , salyent , oil in of oil in iolvttnt 
Expt used I layer layer In layer i layer laver In layer 

1 6 lOS ,0 824 10 7 ' 89 4 0872” 870 

2 3 35 0 ' 0836 I 14 « I 63 0 0 882 819 

3 1 , 630 0831 170 { 37 0 0 900 , 70 2 

These equilibrium relationships are plotted on the tri- 
angular graph, Fig 10(a) TheVGC of the solvent-free 
oil in the raffinate layer from experiment 1 , Table I, is given 
by point 6 on this diagram Now if raffinate oil ofthisV G C 
were mixed with an amount of mtrobenzene such that the 
total mixture contained 10 7% of nitrobenzene we should 
get the actual raffinate layer obtained Therefore by joining 
(i to the apex of the triangle represenung 100% of nitro- 
benzene and locating the point on this line where the 
nitrobenzene content is 10 7% we obtam the point d 
representative of the composition of the raffinate layer 
This may be shown m another way By starting with the 
raffinate layer of composition d and removmg all the 
solvent present we would obtam pomt b on the diagram, 
which IS solvent-free oil of V G C 0 824 The composition 
of the various raffinate and extract layers is therefore easily 
ascertained and is indicated on this diagram by the pomts 
d, /, h, and e, g, i for the example quoted in Table 1 
Returning agam to experiment 1, the compositions of the 
raffinate and extract layers m equilibnum are given by 
pomts d and e These two solutions are conjugate and 
hence may be jomed by the Ue-hnes de The completed 
isothermal binodial curve and tie-hnes shown on the 
dugram then represent the equihbnum relations for this 
lubricating oil-mtrobenzene system at 10° C 

This diagram can also be used to determme the amounts 
of any two phases m equilibrium, given only the quantifies 
of oil and solvent used for the equilibrium experiment 
In experiment 3 equal volumes of nitrobenzene and oil were 
employed, so that the resultant mixture contained 50% 
of mtrobenzene and its composition would be represented 
bythemtersecfionofthelmejouungtheV G C of the stock. 
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pomt c m the figure, to the 100% nitrobenzene apex and 
the Ime repiesentmg 50% of mtrobenzene, namely, pomt 
m on Fig 10 (a) This mixture, however, can only exist 
as two phases whose compositions A and i are given by the 
tie-Ime passing through m The amounts of the raSinate 
phase A and the extract phase t are then proportional to 
the lengths of the two hncs mi and mb Therefore, knowmg 
the volumes of solvent and oil used origmally, the volumes 
of the two phases formed can be calculated from this 
relationship Further, since the volume per cent of solvent 
m each phase can be read from the figure, the actual 
volume of solvent-free oil m each phase can be calculated 
also Such a diagram therefore gives a complete representa- 
tion of all essential equihbnum relationships In con- 
structing these diagrams the scale employed for the physical 
property of the solvent-free oil can be chosen to give a 
suitably sized bmodial curve The actual teimmal values 
finally selected become, by the nature of the diagram, 
equivalent to the physical properties of the soluble and 
msoluble components of the oil This is an unavoidable 
assumption made in the actual construction of the figure, 
but since such terminal values will vary with the desired 
degree of refining for the same oil, and with solvent and 
temperature conditions, it is preferable not to consider 
these termmal values as mdicative of soluble and insoluble 
group properties The physical property chosen for the 
construction of the diagram is also required by the nature 
of the diagram to be additive 

The equihbnum diagram can be constructed from the 
experimental results obtained by the single-stage batch 
extraction of an oil with different volumes of solvent, as 
in Table I Care must be exercised, of course, to ensure that 
the two phases are m equihbnum The diagram can also 
be constructed from multiple-extraction results provided 
that the compositions of conjugate layers are used and true 
equihbnum is attained at each extraction stage, that is, 
each stage is equivalent to an ideal stage In a hetero- 
geneous system undergoing agitation two phases may 
coexist which are approaching equihbnum with each other 
In this case the pomts representing the composition of each 
phase at any mstant during approach to equihbnum may 
be assumed to he on the bmodial curve, since this curve 
represents the compositions of all possible heterogeneous 
solutions, but the tie-hne joining two such points would not 
of course, represent equihbnum 

The composition of any phase from either a multiple or 
countercurrent extraction process would then presumably 
he on the bmodial curve even if equihbnum is not attained 
m each extraction stage 

A modification of the ternary equihbnum diagram has 
been described by Kurtz [13, 1935] m which rectangular m 
place of tnangular coordmates are employed This method 
of plotfing suffers from the fact that it does not enable 
experimental maccuraaes to be detected as readily as when 
tnangular graphs are employed 

In Fig 10 several oil-solvent eqmlibnum diagrams are 
illustrated The equihbnum between nitrobenzene and three 
different lubneatmg oil stocks at 10° C are shown m Fig 
10 (a), (6), and (c), using the V G C for the physical property 
of the solvent-free oil The bmoduil curves and tie-hnes for 
these three systems were constructed from batch-extraction 
expenments The data for stocks No 2, Fig 10 (6), and 
No 3, Fig 10 (c), were taken from the paper of Ferns, 
Birkhuner, and Henderson [3, 1931] The mdividual pomts 
indicated on these figures by crosses and circles wereobtamed 
respectively by multiple and countercurrent extraction of 
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these oils with nitrobenzene at 10° C , employing actual oil and aniline) as the physical property of the solvent-free 

stages where equilibrium between the two phases of each oil This diagram is similar to that of a ternary system 

stage was not always obtained The fact that these points where both components of the binary nuxture bemg 

lie for the most part on the binodial curves provides a useful treated are only partially misable with the solvent The 

check on the already established shape of the binodials It diagrams for the lubricatmg oil-nitrobenzene systems, on 
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0 SOLUTION C0MP05ITION& FROM COUNTER- 

Fn, 

affords proof also of the assumption that a point represent- 
ing the composition of a phase from any extraction stage of 
an agitated heterogeneous system, whatever the stage effi- 
aeno', will he on the bmodid Such equilibrium diagrams 
can therefore be employed to compute graphicaUy the 
results to be expected from any solvent-extraction process 
of oil refimng. 

In Fig 10 (d) the equilibrium diagram for the system 
kerosine— 95% ethyl alcohol at 17° C is shown, usmg the 
atuhne point (miscibility temperature of equal volumes of 
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10 

the other hand, are all similar to that of a ternary system 
where only one of the components of the binary mixture 
bemg treated is paitially miscible with solvent, the other 
bemg completely miscible 

Computations for Complex Hydrocarbon-solvent 
Systems 

The triangular equilibrium diagram may be employed 
as a basis for computation in complex oil-solvent sys- 
tems The actual method of computation is the tnangular 
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coordinate graphical method for the general case in ternaiy 
systems which has already been described The only differ- 
ence in this method is that m the present case instead of 
phase compositions being expressed in terms of three 
components they are given in terms of solvent per cent and 
a physical property of the solvent-free oil 

Computations for a multiple or countercurrent extrac- 
tion process normally involve a knowledge of the value of 
some physical property of the oil to be treated, the ratio 
of solvent to treated oil employed, and the value of the 
physical property of the refined oil desired Given such 
data it is usually required to calculate at fixed working 
conditions 

(1) the yield of refined oil, 

(2) the amount of solvent associated with the refined 
oil, 

(3) the amount of extract, 

(4) the amount of solvent in the extract and yield of 
solvent-free extract oil, 

(5) the value of a physical property of the solvent-free 
extract oil, 

(6) the itpmber of ideal extraction stages required to 
give the desired refined oil 

This graphical method enables these results to be com- 
puted with reasonable accuracy Further, if such results 
are already available from a working umt utilizing a known 
number of actual extraction stages, then the number of 
ideal stages obtained by such a computation may be com- 
bmed with this number and an overall stage efficiency 
evaluated, where the overall stage efficiency is defined by 

£' = ^X100, (19) 

in which Na — number of actual extraction stages, 

Ni - number of ideal extraction stages 

Since the method of computation has already been 
thoroughly described m connexion with simple ternary 
systems, it will not be necessary to discuss it again here 
Instead, the results obtamed by applying the method to 
several oil-solvent systems will be compared with results 
actually obtained 

The multiple extraction of a naphthenic disUllate 
lubncatmg oil stock No. 2 with nitrobenzene at 10° C , 
the equilibnum diagram of which is given m Fig 10 (6), 
has bwn described by Ferns and Houghton [4, 1932] The 
actual extraction process employed was as follows 100 
volumes of stock were treated with 100 volumes of solvent 
giving the first raffinate and extract The first raflinate was 
then extracted with 120 volumes of nitrobenzene giving 
a second raffinate, and an extract which was added to the 


first extract giving the second extract The second raffinate 
was finally treated with 173 volumes of solvent to give the 
third raffinate The third extract was obtained by adding 
the second extract to that obtained in the last treatment 
TTic scheme is shown diagrammatically in Fig 11 The 
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experimental results from this extraction process are given 
in Table II together with results calculated by the triangular 
coordinate graphical method using the equilibnum diagram 
of Fig 10 (b) It will be seen that very satisfactory agree- 
ment IS obtained except m the third stage The rather wide 
divergence here is undoubtedly due to insufficient data to 
define accurately the lowest part of the binodial curve, 
where the graphical constructions for the third stage are 
located Since the expenmenul extraction was carried 
out in the laboratory, it has been assumed m making this 
comparison that equilibnum has been attained in each 
experimental stage, whereas it is possible that such stages 
did not reach complete equilibrium, which would in part 
be ffie cause of a certain amount of discrepancy between 
experimental and calculated data 


Table II 

Multtpk Extraction of Stock No 2 with Nitrobenzene at 70° C. 


0840 
0811 
0 802 


0838 

0811 

0803 


Volume % of 
solvent In 
layer 


vac of 
solvent- 
free oil 


Cole 


50 7 
84-4 


0 911 
0 898 
0887 


0911 

0-904 

0893 
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THEORETICAL PRINCIPLES 

In Table III the experimental results, communicated to 
the author by S W Ferris of the Atlantic Refining Com- 
pany, from a three-stage countercurrent extracUon process 
refinmg different lubricating oil stocks with mtrobenzene 
at 10° C are compared The oil stocks treated were a Mid- 
Continent seim-paratfinic stock No 3, V G C 0 8S3, the 
equilibrium diagram of which is given in Fig 10 (c), stock 
.4, V G C 0 867, the equihbnum diagram of which is given 
in Fig 10 (a), stock JJ, V G C 0 864, and stock C, V G C 
0 824 The equilibrium diagrams of the last two oils, stock 
B and C, are not given as they are very similar to that of 
stock A 

The extraction conditions employed were as follows 
The extracting vessels were all approximately the same, 
being pear-shaped separating funnels 7 in diameter at the 
top, and 1 3 in high with a capacity of 3 litres Air agitation 
was used, but no attempt was made to systematize stirnng 
Temperatures were maintained constant m all three stages 
at 10±0 5° C 

In arriving at the calculated values in Table III, the yields 
of solvent-free raffinate and extract oil, the volume per 
cent of solvent in both layers, and the V G C of the extract 
were computed for the treatment of the given stock with 
the given volume of solvent to obtain a solvent-free 


OF SOLVENT EXTRACTION 
raffinate oil havmg the V G C shown in column 3 The 
agreement between actual and calculated results is satis- 
factory, and the average deviation is of the order of ± 10% 

The maximum deviation was found to occur for the 
experiments where the constructional computation lines 
were located in that part of the equihbnum diagram which 
was outside the range of the mitial equihbnum experiments 
A material balance check on the expenmental daU used 
for constructing the equilibrium diagrams also showed 
that many of these data were only correct to withm ± 10% 
Unless particular precautions are taken, the error in deter- 
mining those sections of the binodials where one phase is 
large and the other phase comparatively small may easily 
be even larger With very accurate equilibrium diagrams 
the deviation between the actual and computed data could 
easily be reduced to less than 4:3% The accuracy of the 
computations is chiefly dependent on the accuracy of the 
experimental extractions used for constructing the equili- 
brium diagram 

The number of ideal stages required to reproduce these 
countercurrent extraction results, as computed graphically, 
IS shown together with the overall stage efficiency in 
Table IV The overall stage efficiency is apparently in- 
versely proportional to the solvent-oil ratio employed, and 


Table III 

Three-stage Countercurrent Extraction of Lubricating Oil Stocks mtk Nitrobenzene at 10° C 


Stock 3, 
VGC 
0 853 


Stock A, 
VGC 
0 867 
Stock B, 
VGC 
0 864 


Votumei of 

per 100 \ VGC \ 
volumes of' of , 
oil slock I solvent- i 
used free oil \ 


53 3 
1000 
136 4 
185 0 
375 0 


Solvent-free oil 
as volume % of 
original stock 


0 817 ' 54 8 

0 811 i 49 0 

0 807 44 0 

0804 ' 37 7 

0 799 , 27 9 

, 65 0 0 845 ' 56 6 

I 98 0 0 835 1 52 5 

, 188 0 I 0 831 ; 37 9 

' 75 0 1 0 828 ' 62 7 

I 150 0 I 0814 I 505 

I 225 0 I 0 811 ! 45 7 


63 0 
56 0 
50 6 


Volume % , 


Alt 


Call 


14 0 , 0 899 , 0 901 
12 5 0 895 I 0 897 

12 5 . 0 889 0 895 

13 0 I 0 884 , 0 890 

14 5 ' 0 874 0 879 

16 0 ' 0 897 ' 0 898 

14 0 I 0 902 . 0 901 

J^3 0 0 887 i 0 891 

160 , 0 925 0 925 

138 I 0917 0 928 

13 3 1 0 909 0 918 

143 I 0869 0863 


Table IV 

Overall Stage Efficiency for Air-agitated Stage 


Extract layer 


Solvent-free oil 

Volume % of 

as volume % of 

1 solvent in 

original stock 

1 layer 

Act 

! Calc 

Act 

1 Calc 

452 " 

440 

49 8 

510 

51 0 

49 5 

648 

65 0 

56 0 

52 5 

701 

71 1 

62 3 

57 0 

743 

75 5 

72 1 

72 0 

83 7 

840 

43 4 

41 4 

57 0 

56 0 

47 5 

48 2 

65 5 

65 0 

62 1 

605 

74 4 

75 0 

37 3 1 

37 0 

63 3 

63-0 

49 5 

500 


76 6 

54 3 

48 6 

800 

82 0 

37 5 1 

39 5 1 

78 9 j 

775 



Volumes solvent 

VGC of solvent- 

Number of ideal 

j Number of air- 


Lubricating oil 

per 100 volumes 

free raffinate 

extraction stages 

agitated stages 

Percentage overai 

stock used 

of oil 

oil produced 

requtred 

1 used 

stage efficiency 

Stock 3,0853 VGC 

53 3 

0 817 

» 

3 



100 0 

0811 

242 

3 

806 


136 4 

0 807 

205 

3 

68 3 


185 0 

0804 

180 

3 

600 


375 0 

0 799 

153 

3 

510 

Stockyt,0 867VGC 

65 0 

0 845 

• 

3 ' 


98 0 

0 835 

243 

3 

810 


188 0 

0 831 

153 

3 

510 

Stock £.0864VGC 

75 0 

0 828 

2 70 i 

3 

90 0 

1500 

0 814 

245 

3 

81 6 


225 0 

0811 

190 1 

3 

63 3 

Stock C,0 828VGC 

150 0 

0 803 

230 3 

76 6 


* Number unoertun owing to insufficient tie-line or binodial curve data 
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100% efiicienQr is probably approached at solvent-oil ratios 
whi^ correspond to complete miscibility between the oil 
stock and the solvent Unfortunately, msuflScient data are 
available defimtely to fix the effect of solvent-oil ratio upon 
the overall efiSciency, and these results are further compli- 
cated by the variable nature of the air agitation employed 
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METHODS OF REFINING 

V G C. are plotted against the solvent-oil ratio Maxunum 
yields of the most desirable raffinate, that is, a raffinate 
possessing a low V G C , are obtamed at low solvent-oil 
ratios At these low solvent-oil ratios, however, a rather 
large number of ideal extraction stages is required to give 
a low V G C The number of actual sUges necessary can be 


The method of computation is exceedingly useful, parti- 
cularly for forecasUng the most favourable extraction 
conditions to produce a maximum yield of raffinate of 
a given V G C The data resulUng from such graphical 
calculations for the countercurrent extraction of stock 
No 2, with nitrobenzene at 10° C , are shown in Figs 12 
and 13 The volume per cent yield of raffinates of varying 


computed from the overall stage efficiency The variation 
of the overall efficiency for an air-agitated stage as tabulated 
in Table IV has been plotted m Fig 12 The best extrac- 
tion conditions to give maxunum yield of low V G C 
raffinate reconcilable with a reasonable number of actual 
stages and the lowest solvent-oil ratio can easily be deter- 
mined from such diagrams 
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THfc increasing use of solvent processes in general refinery 
practice, particularly in the manufacture of high-grade 
lubricants, has emphasized the need for some reliable 
method for comparing the efficiency of different solvents 
in order to distinguish between the various processes now 
available Moreover, the number of different solvent pro- 
cesses on the market to-day presents a bewildering problem 
to the petroleum engineer who attempts a comparison by 
correlation of the published data and, while it is perhaps 
only natural that the inventors of each solvent process 
should exert themselves primarily to demonstrations of the 
wide range of applications of their particular process to 
different types of charging stock, the unfortunate result is 
seen in the scarcity of comparative information regarding 
the treatment of any one particular charging stock by 
different solvent processes 

In the discussion which follows an attempt has been 
made to indicate the way in which the efficiencies of the 
various processes may be compared by the use of the tri- 
angular graphical methods developed by Hunter and Nash 
While this method of treatment is probably not exact in 
the extreme owing to the complexity of the usual petroleum 
products used as charging stocks for solvent treatment, it 
does give a very clear picture of the various factors affecting 
solvent refining and enables the relative efficiency of the 
different solvent processes to be assessed with a greater 
accuracy than is possible by any other means It should 
be borne in mind that, although comparisons of solvents 
by actual plant tests arc useful, the results will not be 
stnctly comparable if one process is handicapped by less 
efficiently operated or designed plant, and it is obviously 
desirable that m selecting a solvent process the choice 
should be influenced by fundamental solvent efficiency and 
not based entirely on plant performance, which, in a matter 
of a few years, may be surpassed by further plant develop- 
ment 

History and Development 
The Object of Solvent Reflmng. 

Gurwitsch [14, 1926] gives a summary of early investiga- 
tions on solvent refining, using aliphatic alcohols as 
selective solvents, but the credit for the development of the 
first commercially successful solvent extraction process is 
generally accorded to Edeleanu for his process employing 
liquid SO|, which was originally developed for the removal 
of aromatic fractions from Roumanian kerosines It has, 
however, been used in one refinery in Great Britain since 
1927 for the manufacture of turbine oils, and to-day has 
become very widely adopted for the production of a large 
variety of petroleum products such as anti-knock gasoline, 
turpentine substitutes, special dry-cleaning spirit, high- 
grade kerosme, transformer oils, turbine oils, and motor 
lubricants, includmg cylinder stock 

From 1930 onwards the number of solvent processes has 
increased enormously The phenol process has been de- 
veloped by R K Stratford and his co-workers [41, 1933] 


in the Imperial Oil Refinery, Ltd , Sarnia, Ontario, Canada 
The Texas Company in America have developed the Fur- 
fural process described by Fichwald [6] The Atlantic 
Refining Company, Philadelphia with Ferris and his co- 
workers have developed the Nitrobenzene process [11, 
1932], while the Standard Oil Company of Indiana have 
sponsored the Chlorex process [29, 1933], to mention only 
some of the better known of the single-solvent processes 
The Duo-Sol process employing liquid propane in con- 
junction with a cresylic acid solvent has been worked out by 
the Max B Miller Company of New York [23, 1933], while 
other double-solvent processes include the SOj-benzole 
modification of the original Edeleanu process, and the 
phenol (and/or cresol) plus water processes 

While for the majority of solvent processes the object of 
solvent refining is to produce high-grade lubricating oils, 
such a definition cannot be applied generally The original 
Edeleanu process, for example, handled only kerosme frac- 
tions and product^ high-grade lamp oils, while in its recent 
application to gasoline treatment the process is operated 
for the concentrated aromatic fraction obtained in the low- 
temperature extract, the raffinate being an inferior gasolme 
to the starting stock In every solvent process, however, 
the object and effect can be chemically defined as one of 
separation into components of low hydrogen/carbon ratio 
(extracts) and high hydrogen/carbon ratio (raffinates) The 
separation is quantitative in that no loss of hydrocarbon 
matenal occurs due to chemical combination with the pure 
solvent, but is seldom, ifever, complete in the chemical sense 
since the raffinates and extracts are never pure components 
but arc mutually contaminated to a greater or lesser degree 

Composition of Crude Lubricating Oil Fractions 
and Base Stocks 

It IS doubtful if any of the hydrocarbon constituents of 
petroleum lubricating oil has ever been isolated in a state 
of punty, much less identified, but a good idea of the pos- 
sible constituents may be inferred from the known con- 
stitution of the lighter components of petroleum present 
in the gasoline boiling range, and also by comparison with 
high molecular weight hydrocarbons prepared syntheti- 
cally Such constituents include straight or branched chain 
paraffins, naphthene hydrocarbons containing saturated 
5- and 6-membcred carbon rings, such as cyclopentane and 
cyclohexane nuclei, and aromatic hydrocarbons containing 
benzene or naphthalene, nuclei, &c Moreover, these con- 
stituents are for the major part in combination, giving large 
complex molecules containmg both paraffinic and aro- 
matic, or paraffinic and naphthemc, or even all three 
charactenstics 

Rossim [32, 1935] gives a very good discussion on this 
subject, while Vlugter, Waterman, and Van Westen [44, 
1935] have developed a method for determining the average 
percentage composition of the lubncating-oil fractions of 
a crude in terms of paraffinic, naphthenic, and aromatic 
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constituents They give the following compositions for a 
Pennsylvaman lubricating oil and a naphthene base oil 

I Pennsvhaman ! Naphthene 
[ otl I base oil 

% Aromatic rings 8 32 

% Naphthene rings 15 29 

X Paraffinic side chains 77 39 

Mikeska [25, 1936] has attempted a correlation between 
chemical structure and the common physical properties of 
lubricating oils by an examination of fifty-two pure hydro- 
carbons prepared synthetically His findmgs throw con- 
siderable hght on the relationships between viscosity index, 
viscosity, &c , and structure 

Rossini [33, 1936] m a later paper gives further informa- 
tion on the same subject obtained from a different angle by 
examination of the products of close solvent fractionation 
of a lubricating oil stock 

As a general system of classification, the constituents of 
a lubricating oil fraction are referred to as 

1 Paraffinic Charactenzed by high hydrogen/carbon 
ratio and mcludmg crystallme wax The term is used 
loosely to include all constituents of good viscosity index 
[5, 1929] or viscosity-gravity constant [15, 1928], which are 
not readily dissolved by selective solvents 

2 Naphthenic. Characterized by low hydrogen/carbon 
ratio and generally considered to represent those portions 
of the crude stock which are readily soluble in the selective 
solvents The term is somewhat of a misnomer, smee 
undoubtedly a large proportion of the hydrocarbon con- 
stituents which are popularly referred to as paraffime, and 
which are mcluded in the solvent-refined oils, are in reality 
naphthenic in structure Occasionally a further distinction 
is introduced between naphthenic and aromatic fractions, 
in which case the naphthemc constituents are generally 
rated from about 0 to 50 viscosity index, and the aromatic 
constituents of very low viscosity indices rangmg down to 
below —350 when they resemble a soft asphalt in appear- 
ance 

Results of Solvent Refining 

If with a given solvent and a given base stock a series of 
batch extractions is earned out, usmg different percentages 
of solvent but maintaimng the same treatment temperature 
for the whole senes, a range of products will be obtamed 
having different characteristics such as specific gravity, 
viscosity, &c , and it will be found that, while the change 
m quahty of the raffinates is progressive with increasmg 
treatments, the change in quality of the extracted oils is 
less regular and may even increase to a maximum and then 
decrease as the percentage treatment is mcreased, depend- 
ing upon the solvent used, the treatment temperature, and 
the base stock If, however, the senes of raffinates and 
extracts be examined and in each case the specific gravity 
be plotted agamst some other charactenstic (say viscosity 
at some given temperature) a smooth curve is obtained 
which IS charactenstic of that particular base stock but 
which IS practically mdependent of the treatment tempera- 
ture, or the solvent used (i e SO„ phenol, furfural, chlorex, 
SOf-benzole, phenol-water, &c ), or the manner m which 
the solvent is applied, whether in smgle-batch treatment, 
multiple-batch or countercurrent treatment In other words, 
all raffinates (or extracts) of a given specific gravity 
obtamed from a givrai starting stock will have the same 
viscosity mdependent of the solvent used, the treatment 
temperature, or the manner m which the solvent is applied 


It IS not known whether this generalization holds exactly 
in all cases, but at least it can be taken to apply with 
sufficient exactness for all practical purposes 

An exception must, however, be made for solvents such 
as liquid methane, propane, &c , which have been referred 
to as precipitative solvents, and which act in more or less 
the reverse manner to the general run of selective solvents 
as described in a later section, or to combined solvent 
processes employmg these light liquid hydrocarbons The 
products obtamed by the Duo-Sol process, for example, do 
not conform to the curves for the single-solvent processes 

That the same general curve applies for batch and 
countercurrent treatment is significant, since it implies 
that the products obtained by repeated re-extraction and 
rccyclmg of intermediate raffinates and extracts during 
countercurrent treatment exhibit the same gravity-visco- 
sity. See, relations as the products of the single-batch 
treatment See Fig 1 

Similar general relationships, independent of solvent, 
treatment temperature, &c , are found to hold for all the 
usual charactenstics such as viscosity index, aniline pomt, 
refractive mdex. See , and it would appear that even colour 
and carbon residue may be included in the list if side 
reactions such as oxidation, asphalt precipitation, or 
chemical mteraction with the solvent impurities are avoided 
The effect of solvent refining on these various relation- 
ships IS discussed in detail below, and gives a very useful 
introduction to the more general discussions which follow 

Viscosity-Gravity Constant. 

The viscosity-gravity constant (V G C ) of Hill and Coats 
[15, 1928] has received very widespread acceptance as a 
measure of paraffinicity for lubricating oils and has been 
used by various writers [19, 1933, 21, 1935] as a suitable 
function for expressing quantitatively the effects of solvent 
refining It has the advantage that for oils covering a wide 
range of viscosities the V G C is additive, since for the 
raffinates and extracts produced by solvent-treating a given 
stock, the V G C is a linear function of the specific gravity 
On the other hand, the V G C formulae were origmally 
developed by Hill and Coats from data for oils of a limited 
viscosity range 

Viscosity at 210° F 40 to 400 sec Saybolt 

Viscosity at 100° F 40 to 3,000 sec Sayboll 

Moore and Kaye [27, 1934] have, however, given a modi- 
fied formula based on kmematic viscosity at 100° F which 
enables the V G C to be calculated for oils as light as 
kerosmes 

It IS found that for extracts of high viscosity the linear 
relation between specific gravity and V G C no longer 
holds, while the V G C as determined by the two formulae 
gives very different results 

Fig 2 gives a senes of curves relating the specific gravity 
at 60° F with the V G C for the solvent fractions (raf- 
finates and extracts) obtamed from a series of starting 
stocks ranging from a White Spmt Cut of 0 783 specific 
gravity up to a heavy cylinder stock of 0 962 specific gravity 
prepared from a mixed base crude, and these curves have 
been found to hold independently of the solvent used or the 
conditions of solvent treatment For example, the curves 
for medium lubricating base have been found to apply 
under all of the foUowmg conditions 

1 Liquid SO. at 30°, 60°, and 100° F 

2 Chlorex at 30°, 60°, 100°, and 125° F 

3 Phenol at 105°, 110°, and 150° F 
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4 SOs-benzole (80 20) at 60" F 

„ (70 30) at 60° and 30° F 

„ (60 40) at 60° F 

5 Four-stage countercurrent chlorex at 70° F 

6 Three-stage countercurrent SOj-benzole (70 30) at 
60° F 

The curve for the heavy lubricating base has been verihcd 
for treatments with 

1 SOsat70° 100°, and 210° F 

2 SOj-benzole (70 30) at 70' F 

3 Chlorex at 70° F 

4 Furfural at 130' 200" and 250" F 

5 Three-stage countercurrent chlorex at 70" F 


lubricating base are given in Fig 3 These curves arc also 
perfectly general in that they are independent of the solvent 
used, the treatment temperature, or the method of treatment, 
&c, though owing to the relaUvcly large effects which 
expenmental errors in viscosity determination may have 
on viscosity-mdex measurements the agreement between 
the various experimental points is not always good The 
curves are similar in shape for practically all stocks, though 
the actual position of the curves is determined in each case 
by V I -V G C relationship of the starting stock and de- 
pends to a considerable extent on the wax content (i e 
degree of dewaxing) 

The relation between viscosity index and V G C (or 
specific gravity), as indicated in Fig 3, is not linear, and 



Viscosity Index 

The viscosity index (V I ) of Dean and Davis [5, 1929] 
enables different oils to be compared for viscosity-tempera- 
ture sensitivity, and this, together with the fact that most 
oils of high viscosity index show better all-round charac- 
teristics than oils of low V I , has resulted in its becoming 
the generally accepted standard of quality While the V I 
IS not an infallible standard of quality or stability for com- 
paring oils from totally different stocks, there does exist 
a definite relationship between V I and quality for raf- 
finates and extracts produced from any one given starting 
stock by various solvent treatments 

The relations between V I and V G C for two of the 
senes of solvent fractions plotted in Fig 2, i e the spindle- 
oil fractions and the raffinates and extracts from the heavy 


the V I of a mixture of two different oils of known quality 
can therefore only be estimated approxunately 

Viscosity. 

Fig 4 gives typical curves for viscosity versus specific 
gravity for the various solvent fractions (raffinates and 
extracts) obtained from four different starting stocks (lub 
distillates) from the same crude The shape of the curve 
in every case is detemuned by the viscosity and gravity of 
the startmg stock but is unaffected by the solvent used 
or the conditions of treatment Values for raffinates and 
extracts obtained in a laboratory three-stage countercurrent 
treatment are included on two of the curves The shape of 
the curves is not necessarily the same, however, for sunilar 
stocks produced from different crudes (compare Figs 1 



TRIANGULAR GRAPHS TO COMPARATIVE LABORATORY STUDY OF REFINING PROCESSES 1833 


and 4), but depends on the nature and relative proportions 
of ‘paraffinic' and ‘naphthenic' constituents present in the 
starting stock 

Colour and Carbon Residue. 

The effect of solvent refining on colour and carbon 
residue has been the subject of some controversy, it being 
maintained that certain solvents, and SO, in particular. 


It will be observed that where little or no improvement in 
V G C occurred the colour of the product was consider- 
ably darker than the starting stock, the mere admixture 
and subsequent removal of solvent in the starting stock 
produced a marked change in colour due to heat treat- 
ment of this stock alone 

In dealing with a crude residuum of mixed-base origin, 
however, it was found that the raffinates produced by SO, 



Fk, 4 Relation between specific gravity at 60° F and viscosity at 200° F for raffinates and extracts from various 
distillate base stocks obtauied from the same crude 


produced poor-coloured raffinates While the present 
author has not been able to test a great many solvents m 
this respect, a carefully conducted series of tests on an 
asphalt-free mixed base distillate stock indicated that in all 
probability, if reasonable precautions are taken to avoid 
secondary reactions such as oxidation or asphalt precipita- 
tion (sec later section), the relation between colour and 
other charactenstics is also independent of the solvent 
process, &c The colours of the senes of raffinates all pro- 
duced from the same starting stock were determmed by 
means of a ‘Klett' Bio-colonmeter which gives colour 
values relative to any given standard liquid in terms of the 
lengths of the two liquid columns (i e length of standard 
and length of sample under examination) 

The results obtamed are plotted against V G C m Fig 5 


and certain other solvents were invariably darker than the 
extracts, due to precipitation of asphaltic matter which re- 
mained suspended in the raffinate layers The difTerences 
in colour which have been recorded by some observers 
when using different solvents can be explained by this 
precipitation of asphalt in certain cases, and is therefore 
rather to be attributed to abnormalities in the starting 
stock, due to defective distillation in the production of the 
original distillate stocks, than to any fundamental differ- 
ence m the effect of the various solvents on colour removal 
Stratford [39, 1936] indicates a similar concentration of 
asphaltic matter m the phenol raffinates and states this to 
have a serious effect on emulsification difficulties 
In Fig 6 the relation between specific gravity and carbon 
residue (determmed by the Ramsbottom method, British 




V G C and colour density S 
for raffinates produced by g 
different solvent processes 


Fio 6 Relation between ^ 
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Air Ministry Specification DTD 109) is given for the 
same senes of oils as was used for the colour-V G C deter- 
minaUons The relaUonship is also seen to be, within 
experimental error, independent of the solvent process em- 
ployed The same remarks regarding asphalt precipitation 


special cleaners' spirits, white spirit substitutes, high-grade 
lamp oils, or spinning oils has a considerable effect on the 
aniline pomt The relaUonship between anihne pomt and 
specific gravity for the rafiinates and extracts obtained from 
a range of light distillates from gasoline up to light spindle 



Fk. 7 


Relation between aniline point and specific gravity i 


60" F 



would, however, be expected to apply as in the case of 
colour removal, since the presence of hard asphalt would 
be immediately reflected in an increased carbon residue 

AnQine Point. 

The effect of refining the lighter petroleum disUllates for 
the manufacture of high anu-knock aromatic concentrates. 


oil IS shown in Fig 7 This relaUonship is not hnear and 
the curves for the vanous stocks, which, with the exception 
of the spmdle oil, are all from the same crude, do not even 
exhibit a family resemblance, due probably to the de- 
creasing complexity of the lij^ter fractions of the crude 
and the presence of certam aromatic consUtuents (e g ben- 
zene, toluene, &c ) in fairly large amounts 
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Refractive Index. 

The relations between refractive index and specific gravity 
for the solvent fractions (raffinates and extracts) from a 
given stalling stock appear to be linear within experimental 
limits This IS indicated by the curves in Fig 8 for petro- 
leum distillates ranging from 0 728 to 0 902S in specific 
gravity (60° F ) This hnear relationship is of value m 


enabling specific refractmties to be checked by calculation, 
since small errors in refractive index introduce considerable 
errors in specific refractivity 

Specific Refractivity. 

Specific refractivity has recently been specified by the 
Manchester Cancer Research Board as a measure of the 
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carcinogenicity of Mule spinning oils, and limits have been 
set for the specific refractivities of oils to be used m the 
spinning mills. The effect of solvent refining on specific 
refractivity is illustrated in Fig 9, which also shows the 
limit for carcinogemcity adopted by the Manchester Cancer 
Research Board (The curves in Fig 9 have been derived 
from the curves given in Fig 8 and are seen to deviate 
considerably from some of the experimental points, espe- 
cially for the lighter products ) 


uniformly over all the components present m the stock 
from the lightest to the heaviest 
In Fig 1 1 the viscosity-composition curve A is convex 
downwards and the curves show a tendency to become 
flatter with increased solvent refining While this is the 
case with most stocks, there are exceptions, as arc indicated 
in Fig 12, m which the viscosity-composition curves for 
a starting stock of South American origin is shown to be 
convex upwards with the convexity increasing on solvent 



Fici II 


Boiling Range. 

The effect of solvent refining on the boiling range of 
a lubricating oil is illustrated in Fig 10, where the viscosity- 
mid per cent boiling-point curves arc given for a mixed 
base starting stock of about 45 V I . the raffinate (about 
100 V I ) produced therefrom by solvent refining, and the 
corresponding extract (about 10 V I ) It will be seen that 
the boiling range of a given viscosity fraction (measured 
at 200“ F) increases about 10“ C for every 10-number 
increase in viscosity index 

Viscosity-Mid Per Cent. Curves or Viscostty-Composi- 

tion Curves. 

Fig 1 1 gives the viscosity-composition curves for a mixed 
base stock ^4 of 45 V 1 and raffinates B, C, and D of 75, 
85, and 100 V I respectively, obtained from the base stock 
A by solvent refuung The curves indicate that while the 
viscosity of the stock A has been reduced in accordance 
with the general relationship indicated in Fig 4, this drop 
in viscosity, although more marked in the more viscous 
fractions of the stock A, has also taken place more or less 


refining, indicating a preferential absorption of the less 
viscous fractions 

The V I -Viscosity Relationship. 

While, as just stated, the effect of solvent refining is to 
reduce the average viscosity, with preferential removal of 
the less viscous or more viscous fractions as the case may 
be, this preferential removal of certain constituents cannot 
be explained on the grounds that the fractions removed 
are always of lowest quality as measured by V G C or V 1 
For example. Fig 13 gives the plots of V 1 versus viscosity 
for fractions produced by distillation from the starting 
stock and raffinates indicated in Fig 12, in which the V 1 
of the distillate fracuons is seen to fall from about 50 V I in 
the lightest fractions to about 0 V 1 in the medium vis- 
cosity range, rising again to about 40 m the heaviest frac- 
tions On solvent refining, this minimum V 1 viscosity 
fraction does not disappear as might be expected, but the 
curves for the raffinates are found to be roughly parallel 
to that of the base stock This persistence of form in the 
V I -viscosity curves resembles the other general relation- 
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ships m that it is characteristic of the starting stock alone 
and independent of the solvent process It would therefore 
appear that the viscosity index as a measure of quahty has 
little or no direct connexion with the mechanism of the 
selective solvent action 

Comparison of Solvent Processes in the Laboratory 
Since It has been shown in the previous paragraphs that 
a raffinate of any given quality (say 100 V 1 ) obtamed from 


and (c) extract of some property which is known to be 
additive, the yields of raffinate and extract may be 
calculated Of the addibve properties of petroleum oils, 
specific gravity is the one which can be most accurately 
determmed and has the advantage of being applicable to 
all products from gasoline up to heavy cylinder oils, though 
even specific gravity is not a truly additive function since 
some shght change m volume occurs on mixing two oils 
of very different characteristics For all practical purposes 



Fig 12 Mid per cent viscosity curves for distillates and residues for South American dewaxed long cut (base 
stock) and for the corresponding SO, and chlorex raffinates 


a given starUng stock will be the same in every respect 
independent of the solvent process employed, it follows 
that the best solvent process will be that which gives the 
greatest yield of raffinate at the lowest cost per ton of 
product, and for a comparison of solvent processes it is 
therefore necessary to consider only those factors which 
affect the yield of raffinate and the operating costs 
The yield of raffinate may be determined m several ways, 
the most obvious method being, of course, to determme the 
yield by actual measurement Unfortunately, this is seldom 
possible unless a suiuble plant is available of the type 
required for the particular solvents If, however, the quahty 
of the extract which is likely to be made in producing the 
required raffinate can be determmed, then, knowmg the 
corresponding values for (a) raffinate, (6) startmg material. 


such changes m volume may be neglected On the other 
hand, specific gravity gives no indication of quality unless 
considered in conjuncUon with some other charactenstip 
such as viscosity, amlme-point, &c For lubricatmg oils, 
viscosity index is the standard which is frequently accepted 
as givmg an mdication of quality, but V I as shown m 
Fig 3 is not an additive function The viscosity-gravity 
constant developed by Hill and Coats, and calculated from 
specific gravity and viscosity, has been used with con- 
siderable success, and is additive over a wide range of oils 
from light kerosine up to medium-heavy lubricatmg oils, 
but cannot be employed satisfactorily for oils lighter than 
about 0 760 or heavier than 1 000 in specific gravity In 
fact. It would seem that no additive property exists which 
will give an mdication of quality and is at the same time 
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applicable over the whole range of petroleum products 
Nevertheless, for examination of special products over a 
limited range of quality, an appropnate standard such as 
V G C may be chosen, which is both additive and gives 
the required indication of the degree of refining, though 
for general purposes the use of specific gravities is most 
reliable 

Having selected some additive function (say specific 
gravity), the efficiencies of different solvent processes may 
be compared on a yield basis 


estimating purposes it is necessary to obtain approximate 
figures for each of the following factors 

1 Cost of solvent, smee the cost of replacing solvent 
loss m the process may become a prohibitive item 

2 Amount of solvent required per ton of oil treated, 
and the latent and specific heats of the solvent These 
will largely determme the steam, fuel, and power 
requirements of the plant 

3 Number of countercurrent stages required for the 
process, and the settling rates of raffinate and extract 



Suppose, to take a fictitious case, that under practical 
working conditions with one solvent process A, extracts of 
more than 1 030 specific gravity cannot be obtained from 
a given starting material, while another solvent process B 
will produce extracts of not more than 0 993 specific 
gravity Assume also that the starting stock has a gravity 
of 0 893 and that a raffinate of 0 840 is required The 
maximum yields of raffinate obtainable by the two pro- 
cesses will therefore be 

Process A \ x 100% - 73 8% by volume. 

Process B ° x 100% - 64 7% by volume. 

1 e the yield of raffinate is greatest for the process which 
produces the worst (i e most naphthenic or highest specific 
gravity) extract 

The question of operaung costs is considerably more 
diflkult to settle than the question of yields, and for 


layers in the various stages, which will determme size 
and throughput of the plant and be a major item in 
the capital cost 

01 these three factors, the first is generally already 
known, but for the detemunation of the amount of solvent, 
and the number of countercurrent stages, it would be 
necessary to carry out a considerable amount of expen- 
mcntal work on the tnal and error principle, using counter- 
current apparatus with various conditions of temperature 
gradient, throughput, and solvent treatment, if some 
simplified means of obtaimng results were not available 
Moreover, equihbnum conditions are not immediately 
attained in countercurrent plant, and such experiments are 
almost invanably costly in time, labour, and matenals 
Fortunately, the results of countercurrent operation, with 
and without temperature gradient, can be fairly well pre- 
dicted from the results of laboratory batch treatments usmg 
the principles of triangular graphs [16, 1933, 18, 1934] This 
15 fully described in the companion article on ‘The Theo- 
retical Pnnciples of Solvent Extract’ by T G Hunter, but 



1840 


SOLVENT-EXTRACTION METHODS OF REFINING 


the following simple illustration will, however, be found 
helpful m following the present discussions 
Triangular graphs are used for the representation of 
what are known as ternary systems That is to say, if three 
pure components X, Y, and Z are considered and a mixture 
M of these components is made in any known proportion, 
say x% of a; y% of Y, and z°o of Z, the composition of 
that mixture or of any other mixture chosen can be repre- 
sented by using a triangular graph 
Let XYZ (Fig 14) be an equilateral triangle and let the 
length of the perpendicular from any of the apices X, Y, 
or Z on to the opposite sides of the triangle = p, i e 
XP ^ p Then since the sum of three perpendiculars from 



any point in the triangle on to the three sides is constant 
and equal to the perpendicular from any of the apices on 
to the opposite side, one can represent the mixture M 
above by choosmg the point M so that MA - - xp/100, 
MB - yp/100, and MC = zp/100 
This is the fundamental principle of triangular graphs 
applied to mixtures of three pure components, but as soon 
as an attempt is made to apply the principle to hydrocarbon 
mixtures and solvents the difficulty of estimating the com- 
position of the mixture is encountered However, this 
may be overcome in the following way Consider the case 
of the three pure components SO,, benzene, and hexane 
(Fig 15) It IS a relatively simple matter to separate the 


X SOz 



Fig 13 


SOj from an unknown mixture of these three components 
by fractional distillation, but the quanutative separation 
of hexane and benzene is extremely difficult, if not un- 
possible However, by determination of specific gravity 
on the SOi-free mixture we can estimate the proportions 
of the two constituents, knowing the gravities of pure 


benzene and pure hexane Referring to the triangular 
graphs once more, let X, Y, and Z represent pure SO,, 
hexane, and benzene respectively, we now have a simple 
means of locating the position of the point M representing 
the mixture, for if we divide the ZF side of the triangle 
into a scale of specific gravities such that Z represents 
the gravity of benzene and Y the gravity of hexane, and 
then join the points S representing the gravity of the SO,- 
free mixture M to X, it can be shown that for all the 
points on the line XS we have 

% benzene in the mixture c constant — — 

% hexane in the mixture y ZS 

Hence the point M must he on this line and, since the 
percentage SO, in the mixture is easily determined, we may 
locate M by finding a point on XS from which the per- 
pendicular MA on to ZY =■ xpj\CO 
Consider for a moment what this implies We have 
determined the amount of SO, in a mixture and then cal- 
culated the composition of the remaining benzene-hexane 
mixture by gravity without actually separating the con- 
stituents, and from these results we are able to locate the 
position of the point M representing the mixture Simi- 
larly, the composition of any number of mixtures may be 
determined without separating the pure benzene and hex- 
ane components, and it is seen that the fact that Z repre- 
sents pure benzene and Y pure hexane does not really affect 
the results so long as a suitable scale of gravities along the 
side YZ IS chosen The same results might, m fact, have 
been obtained without knowing that such things as ben- 
zene or hexane exist 

This in effect is the position when triangular graphs are 
applied to solvent refining of petroleum distillates The 
amount of solvent in an extract layer, for example, can 
generally be easily determined, but the composition of the 
solvent-free extract cannot be determined in terms of ‘pure 
raffinate’ and ‘pure extract’, and it is necessary to select 
some suitable scale such as specific gravity for the Z Y side 
of the triangle such that, to take the case of the process A 
given in the previous example, 

(vol % starting stock) / 0 895 
= (vol % raffinate) X 0 840+ (vol extract)'^ 1 050, 
le 100 x 0 895 - 73 8 x 0840 4 262 1 050 
If mstead of specific gravity a V G C scale had been 
employed, it will be seen from Fig 2 that different values 
for the V G C would have been obtained for an extract of 
1 050 specific gravity depending on whether the V G C 
had been calculated from the Saybolt viscosity at 210 or 
1(X)° F Moreover, in either case the substitution of V G C 
for specific gravity in the above equation would be less 
satisfactory, especially in the case of heavier feed stocks 
However, except in the case of high-gravity feed stocks 
yieldmg very high-gravity extracts, the V G C stale may 
be used satisfactorily, as is illustrated in certain of the 
examples which follow 

Experimental Procedure 

Except in cases where the solvent has an appreciable 
vapour pressure at the temperature of the extraction, 
laboratory treatments may be carried out m glass cylinders 
or separating funnels surrounded by a water bath or air 
oven to control temperatures Where possible the two 
layers, raffinate and extract, may be completely separated, 
measured, and analysed, though this may give rise to errors 
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as described below More accurate results are, however, 
obtained if complete separation of the two layers is not 
attempted, but if portions only of each layer are analysed, 
thus avoiding errors due to disturbance of the interface 
In the case of solvents such as liquid SO, and propane 
which have an appreciable vapour pressure at the treat- 
ment temperature, the experiments must be conducted in 
pressure-tight equipment such as the apparatus shown in 
Fig 16, for example, which consists of a glass siphon fitted 
with needle-valve connexions to the top and bottom of the 
siphon By means of several such siphons and small 
suitable interconnexions as shown in Fig 17, it is possible 
to separate representative samples of the extract and raf- 
hnate layers For temperatures above atmosphenc the 


to give a mixture represented by the pomt F, the mixture 
ceases to be homogeneous and separates into two phases, 
and two phases are obtained for all mixtures of SO^ and 
starting stocky represented by points on the portion FIF on 
the line When the amount of SO, in the mixture is in- 
creased above that represented by the point IF, the raffinate 
phase disappears and a single-phase solution of the original 
material in SO, is obtained for all mixtures represented by 
points on the portion IVX of the line 
Any point of the portion FIF of the line SX, therefore, 
gives a mixture which after stirring to equilibrium, settles 
into two layers and if each of these layers is analysed for 
per cent SO,, and specific gravity of the SO,-free oil, &c , 
the position of each layer may be located in the way 


TABir 1 

Batch Treatment of I ight Got Oil {Mixed Base Origin) y^ith Liquid SO, 


Te\l<, on SO -/«< raffinalei 


It MS on SOs-ym t’xiracis 


'>P gr 
M) t 


S/> gr Amhni- Rejraclive 
at point, index 

60 F “C 60 F 


12 

n 

14 

15 
I6t 


btarting stock (unliLaitd) 0 8408 2 90 


49 4 70 19 2 

103 1 17 2 

127 0 14 7 

479 0 16 1 

323 0 15 6 

564 0 16 6 

56 4 30 10 4 

16 0 9 6 

295 0 0 5 1 

49 8 

407 0 70 

523 0 


77 I 0 8338 ' 2 975 
82 8 0 8249 3 025 
90 5 0 8150 

921 ' 0 8112 

90 6 ' 0 8165 1 115 

91 0 ' 0 8126 3 150 

82 0 0 826 

95 4 ' 0 811 
94 0 ' 0 811 

78 6 0 8255 

I 08116 
0 807 3 15 


68 2 
72 0 
76 2 
81 5 
816 
81 9 
84 1 


82 9 


87 4 


0 


10 


9 I 4701 

1 4651 
1 1 4595 

0 1 4532 

0 1 4519 

1 4536 
I 4515 
1 4617 
14519 


0 815 

0 828 0 9152 216 

0 819 0 9114 19 6 

0 8916 32 7 

0 8851 18 5 

0 809 ' 0 8952 32 4 

0 804 ' 0 8807 ' 41 9 

0 957 
0 955 
0 9505 
0 9735 

0 881 42 1 

0 800 0 842 I 64 9 


1 5185 


* V G C calculated by method of Moore and Kaye [27, 1934] 
t Raffinate from expenment 15 used as starting stock for experiment 16 


glass siphons are unsatisfactory for pressure experiments 
unless thoroughly annealed, and may be replaced by suit- 
able steel apparatus (c g small oxygen cylinders), although 
in such cases, of course, the separation of the two phases 
IS not visible and the amounts of the phases can only be 
measured by inverting the cylinder and carefully running 
off the extract layer through a needle valve and glass capil- 
lary when the change from extract to raffinate layer can in 
most cases be easily detected by change in viKXisity It 
should be realized that if the extract layer is withdrawn too 
rapidly, causing a rapid fall in pressure, the liquid contents 
remaining in the siphon may boil suddenly or ‘bump’, 
causing remixing of the two layers and vitiation of the 
experiment 

Construction of Triangular Graphs. 

Having selected the raffinate and extract limits for the 
triangular graph and marked off the side of the triangle 
joining these limits into the appropriate scale, the point re- 
presentingthestartingstockcanbelocated In Fig 18, which 
represents the equilibrium conditions given in Table 1, 
a specific-gravity scale is chosen ranging from 0 810 for 
the hypothetical ‘pure’ raffinate T to 0 910 for the hypo- 
thetical ‘pure’ extract Z The point 0 841 on the scale now 
represents the starting material S, and the line SX therefore 
represents all mixtures of pure solvent (SO,) with the 
startmg material The portion SV of the Ime SX represents 
mixtures which are homogeneous (i e simple solutions of 
SO, in the starting stock) and do not separate a second 
phase but, as soon as the concentration of SO, is increased 


described above for the mixture M of SO„ benzene, and 
hexane Moreover, from the properties of triangles, it fol- 
lows that the points representing M the original mixture, 
R the raffinate phase, and E the extract phase all lie on the 
same straight line Moreover, if after stirring the original 
mixture M to equilibrium, and settling, the volumes of the 
two phases arc measured, it is found that these volumes 
are represented by the relations 


raffinate phase - 


extract phase - 


length of line MEx 100 
length of line RE ’ 
length of line RMx 100 
length of line RE 
By examining a sufficient number of mixtures in this way 
it IS possible to determine the equilibrium curve for the 
solvent and starting stock at the extraction temperature, 
and by carrying out similar experiments at various tem- 
peratures the equilibrium curves over a whole range of 
different treatment temperatures may be obtained which 
will enable the results of operating commercial equipment 
either at one temperature or with a temperature gradient 
through the system to be predicted 
In determining the equilibrium curves for oil and solvent 
at the treatment temperatures higher or lower than stan- 
dard (60^ F ), all volumes may be calculated back to equi- 
valent volumes at 60“ F for convenience, since this docs 
not affect the accuracy of the curves in any way In the 
case of a solvent such as phenol, which melts at a relatively 
high temperature, some other temperature, i e 100“ F , is 
found more suitable 



1842 


SOLVENT-EXTRACTION METHODS OF REFINING 


Yields of products may be calculated from the graviUes 
of the products and of the starting stock for each extrac- 
tion, or from measurement of the two phases and the phase 
analyses 

It will be noted in the example chosen that the position 
of the pomts representing the extract phases in the experi- 
ments 1 and 2 lies outside the triangle This does not alfect 
cither the method of construction or the results, but is the 
result of having chosen the hypothetical extract Z with too 
low a value, in order to obtain a more open graph In 


smaller as the treatment is mcreased Referring to experi- 
ment 10 in Fig 18, for example, this ratio ^ 89 

and the solvent content of these two layers is given in 
Table I as 16 6% and 93 % respectively The effect of only 
1 % contammation of the raffinate phase with extract phase 
by imperfect separation would have given the point D as 

the apparent position ofthe raffinate phase since ^ ^ 

Ua OS D 



Fig 18 Equilibnum curve for light gas oil and Lquid SOi at 70° F 


Fig 19 a wider scale has been chosen for the same series 
of treatments to enable the equilibnum curves at 0° F and 
30° F to be included in the same tnangular graph, with 
the result that the 70° F curve is more compact, though 
somewhat less smtable for purposes of estimation The 
lunits chosen for the base of the equilateral triangle are 
therefore merely a matter of convenience, and for that 
reason, if several solvents are bemg compared on the same 
starting stock, or if the effect of temperature is being in- 
vestigated for one or more solvents on the same stock, it 
may be preferable to retain the same limits for the triangle 
m every case, thus makmg it possible to compare the 
resulting equilibrium curves directly by superimposing one 
curve on the other, even though the scale chosen is not 
ideally suited to every treatment 

Effect of Experimental Errors. 

As has already been stated, the ratio of the rafSnate 
layer to extract layer in any treatment becomes rapidly 


and the apparent percentage solvent in the layer would 
have been increased from 16 6 to 23 4%, approximately 
Actually, unless extreme care is taken in separatmg the two 
layers, the contamination may greatly exceed 1 % owing 
to the film of extract remammg on the walls of the settler 
as the extract layer is withdrawn However, by with- 
drawing portions only of the two layers, first the raffinate 
and then the extract, contamination of the two phases is 
avoided and, by careful measurement of the volume ratio 
of the two layers before attemptmg to separate the phases, 
an additional check is obtamed of the position of the points 
on the graph 

The effect of this form of contamination was discussed 
at the I PT Symposium on solvent tefinmg in 1936 [36, 
1936] and equilibrium curves based on the early work by 
Ferns, Birkhuner, and Henderson [10, 1931], which show 
such deviations between the expenmental results and the 
probable correct posibon of tte equilibrium curves are 
reproduced m Fig 20 
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Further Consideration of Triangular Graphs as 
applied to Solvent Refining 

The Advantages of using Triangular Graphs. 

The advantages of expressing the equilibrium relation- 
ship between solvent and oil on triangular coordinates arc 
as follows 

(a) The quality of the raffinate and extract obtained by 
any percentage solvent treatment at any temperature 
may be estimated directly from the graph 
(h) The yields of raffinate and extract for any required 
conditions may be estimated 


temperatures from 30 to 125° F arc given, and the results 
are plotted in Fig 21, using a V G C scale for the base or 
‘oil' side of the triangle 

As the temperature of solvent treatment is raised, the 
area within the equilibrium curve becomes smaller, the dif- 
ference m composition between the extract and raffinate 
layers (i e % solvent) is reduced and the slope of the tie 
lines joining corresponding phase-points also decreases 
The one effect tends to reduce selectivity since the points 
at the extremities of the tic lines arc brought closer together, 
the other effect tends to increase selectivity since the less 
steep the tie line the longei will be its projection on the 
base of the triangle In general, the net effect of increasing 



(f) The composition of the extract and raffinate layers 
may be obtained directly This information is essen- 
tial for plant design and calculation, for example, 
of heat requirements for solvent recovery from the 
two phases 

(d) The efficiency of any continuous or countercurrent 
plant can be directly assessed, or, 

(e) If the efficiencies of any particular mixers and settlers 
are already known, the number of such stages re- 
quired to equal the ideal conditions of yield and 
solvent requirements may be estimated 

(/) The equilibrium relationships between solvent and 
oil may be readily determuied by laboratory batch 
extractions 

(g) The construction of the triangular graphs docs not 
depend on the isolation of pure components 

The Effect of Temperature on Solvent Refining. 

The effect of temperature on solvent refining has already 
been indicated in the curves for SO, extraction of light gas 
oil, Fig 19, but in Table II a series of experimenUl results 
for chlorex and medium lub base stock over a range of 


the treatment temperature is to increase the selectivity 
for the higher grade oils and to reduce the selectivity for 
the lower grade oils The equilibrium turves in Fig 21 
illustrate the much greater range ot effectiveness of the 
solvent for the low-grade oils of high V G C at low tem- 
peratures They also indicate that at temperatures much 
above about 115° F no separation into two layers is pos- 
sible with any percentage of chlorex for batch treatments 
of this particular stock, since the SX line lies outside the 
equilibnum curve for this temperature, though as the series 
of experiments at 125” F indicate, equilibrium curves (iso- 
therms) for higher temperatures may be obtained by treat- 
ing the raffinates produced at lower temperatures 
Further considerabon of the curves in Fig 21 indicates 
that for every tieatmimt temperature there exists a defimte 
limiting quality of raffinate and extract which may be 
obtained By drawing a tangent to the equilibrium curve 
for any temperature to intersect the base line of the tn- 
angle, a point of mtersection is obtained which gives the 
limiUng quality of the extract obtainable at that tempera- 
ture The hipest quality of raffinate which can be pro- 
duced from a given base stock by any solvent vanes with 
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the temperatuie since it is determined by the slope of the 
tie lines, and it is obviously impossible to obtam any 
further improvement m quality once a stage has been 
reached for which the tie line joining corresponding raf- 
finate and extract phases will, if produced, pass through 
the solvent apex of the triangle, since the quality of the 
raffinate and extract (which are obtained from the graph 
by producing this same line to cut the base of the triangle) 
would obviously be the same The only difference between 


treatment and temperature gradient The procedure 
adopted in such cases is described in the article by Hunter 
in this section A very bnef outline of the procedure is, 
however, given in a later part of this article 
It IS obviously impossible to construct on one graph all 
the equilibrium curves for the several solvents to be 
examined, but comparisons may be simplified by employ- 
ing the same limits for the triangular graphs in every case, 
when the quality of the various raffinates and extracts 



Fig 22 


the two phases at this stage would be in composition (i e 
% solvent in the two layers) From Fig 21 it may be 
estimated from the slopes of the tie lines that the limiting 
quality of raffinate obtamable from this medium base lubn- 
catmg oil at the different temperatures would be as follows 


Treatment 

temperature \ Quality of raffinate 

30" F I 0 820 VGC I 96 VI approx (from Fig 3) 

60" F 0 809 „ I 104 

100" F 0 805 ,. I 107 ., 

125" F j 0 796 „ [ 110 ,. 

It Will be obvious that these limiting qualities of raffinate 
could not be obtamed by any single batch treatments, and 
could, in fact, only be approached at these temperatures 
either by exhaustive batch extraction or heavy counter- 
current treatment 

Comparison of Different Solvents. 

For a comparison of different solvent processes it is 
necessary to prepare m every case eqiulibnum curves 
covenng the whole range of practical workmg tempera- 
tures, and to determme by graphical means the volume 
yield of rafiSnate and the number of countercurrent stages 
requued for the vanous conditions of per cent solvent 


obtained under various conditions may, to a large extent, 
be gauged by eye from the relative displacements of the 
curves to the right and left of the triangles Those sections 
of the curves which are of greatest practical significan ce 
are (a) the portions in the bottom left-hand section of the 
triangle near the raffinate apex, which give the qualities of 
the rafiinates and percentage solvent in the raffinate layers, 
and (6) those portions near the top right side of the triangle 
which give the correspondmg data for the extracts 
Fig 22 gives equilibrium curves for the medium lubri- 
cating oil base with SO«, 70% 80,-30% benzole blend, 
chlorex, and anhydrous phenol under approximately opti- 
mum practical temperature conditions for the production 
of maximum gravity extracts, i e maximum rafiSnate yields 
The superiority of the SO, process over the other three 
solvents in producing extremely naphthemc extiacte is 
obvious, and since, for any effiaent solvent process, the 
yield of raffinate is determined solely by the quality of 
the extract produced, it follows that, for the range m which 
It IS effective, SO, is an extremely efficient solvent More- 
over, the market requirements for lubneatmg oils of 
medium quality (70 to 80 V I about) are greater than for 
high-class lubricants of 90 to 100 V I , and while SO, will 
produce the fonner m greater yields than the majority of 
other solvenU, plant costs and operatmg difficulties may 
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make it generally less suitable for the production of the 
latter In this respect the choice of solvent may be m- 
fluenced by the sales commitments of a refinery which does 
not participate m the market for high-grade lubricants 

The Relation between Solvent Structure and Selective 

Solvent Action. 

The connexion between the chemical constitution of 
selective solvents and their selective solvent action is not 
clear Ferris, Birkhimer, and Henderson [ 1 0, 1 93 1 } attempt 
a correlation between selective solvent action and various 
physical properties, and the effect is popularly attributed 
to the presence of polar groups in the solvent molecule 
No satisfactory method of measuring the potential selective 


action of a solvent, other than actual comparative tests, 
appears to have bem developed as yet 
Ferns [9] has shown that the effect of halogenation on 
the selective solvent action of the aliphatic oxy and hydroxy 
compounds is considerable Not only is the specific gravity 
of the solvent very substantially increased, giving improved 
separation rate between oil and solvent, but the selectivity 
IS considerably mcreased These results are brought out m 
Table III 

Composition of Base Stock 
The effect of changes in feed stock with a given solvent 
process are indicated by the equilibrium curves in Figs 24 
and 23 drawn on a V G C and specific-gravity basis, re* 


Table 111 


The Effect of Halogenation on Solvent Selectivity for Aliphatic Oxygenated Compounds 




Ratio vol 

lot of 
oil stock 


, VGC of 
undtssolved 
VGC of I od produced 
oil slock {raffinate) 


VGC of 
dissolved od 
(extract) 


Vol undissolved 
od (raffinate) 
per vol of 
solvent employed 


Ethyl acetate 
Ethyl chloracctate 
Ethyl acetate 
Ethyl chloracctate 
Acetone 
Chloracetone 
Acetone 
Chloracetone 
Propyl alcohol 
2,3-Dibroino propyl alcohol 


0 900 

1 1S9 

0 900 

1 159 

0 792 

1 162 
0 792 


0 836 0 833 | 0 880 

0 836 0 831 ! 0 884 

0 836 , 0 825 I 0 871 

0 836 0 824 0 875 

0 874 0 869 I 0 932 

0 874 ' 0 858 ' 0 950 

0 874 0 855 | 0 921 

0 874 , 0 843 0 924 

0 874 0 864 0 884 

0 874 0 836 ' 0 941 


0 912 
0 869 
0 247 
0 240 
0 834 
0 787 
0 328 
0192 
0 128 
0190 
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spectively, and covering distillates ranging from white spirit 
cut to heavy lubneating oil distillate prepared from the 
same crude stock It will be observed that neither on a 
V G C nor on a specific-gravity basis can one general curve 
be drawn which applies to all the different boiling fractions 
from a given crude Moreover, since the shape of these 
curves also changes for distillates of the same boiling range, 
if produced from different crude stocks, the difficulty of 
obtaining any satisfactory correlation from the various 


fixed by decrease and increase in gravities, respectively) in 
place of the usual gravity or V G C scale for the base of 
the triangular graph 

Solvent Extraction Processes (Single-solvent 
Processes) 

In the present discussion it is not proposed to give a 
detailed comparison of the various single-solvent processes 



Fig 24 Equilibrium curves Tor liquid SO, at 70° F with various petroleum distillates 


Stock 

Curve 1 > White spt cut 

„ 2 I Kerosine cut 

„ 3 ' Spindle oil 

„ 4 > Medium lub base 

„ 5 { Heavy lub base 


Sp gr at I 
60° F I FCC 
0 7827 I 0 824 
0 8080 : 0 821 
0 9025 1 0 867 

0 9450 I 0 886 
0 9545 0 887 


unrelated articles on solvent refining, which have appeared 
from time to time in the technical literature, is apparent 
It might appear on the face of dungs that comparison 
of the results obtained for different stocks from the same 
crude, or, as is more generally the case in refinery practice, 
estimation of the results to be obtained when processing 
a shghtly different feed stock, is a matter of considerable 
uncertainty, unless the equilibrium curves for the actual 
stock arc available A very sunple modification of the 
triangular graph is possible, however, which eiuibles such 
comparisons to be easily obtained as subsequent examples 
lUustrate This modification consists (see Figs 36 and 39) 
m substitutmg a scale of change in gravity (the starting 
stock bemg taken as zero, and raffinate and extracts bemg 


at present operated on a commercial scale, but merely to 
indicate the limitaUons imposed on any solvent process by 
the solvent itself 

The following five solvents which differ widely m charac- 
tensUcs have, therefore, been selected as being repre- 
sentative of the nuqonty of commercial single solvents 
available to-day, and these will be considered m some 
detail 

1 Liquid SO, 

2 Furfural 

3 Anhydrous phenol 

4 Chlorex 

5 Liquid propane 
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The requirements of the ideal solvent have been variously 
defined, but m general the major requuements are agreed 
to be the followmg five essentials 

1 Good selectivity or ability to separate the stock into 
paraffinic and naphthenic constituents of widely dif- 
fering characteristics 

2 Chemical stability under conditions of storage and 
in use 

3 The raffinate and extract phases produced must be 
capable of sharp separation by reason of gravity 


Liquid Sulphur Dioxide (SO,) 

Under normal conditions of temperature and pressure 
SO, exists as a gas, and its use in the liquid state as a 
selective solvent involves the use of pressure equipment for 
all except low-treatment temperatures 
As has been previously stated, liquid SO, is not generally 
suitable for the manufacture of hi^-grade lubricating oils, 
but this IS mainly a result of its physical characteristics 
which limit Its practical applications However, pure SO„ 
if used m a suitable-type pressure equipment, is equal to 



I-io 25 Equilibrium curves for liquid SO, and heavy lubricating oil base at 70', 150", and 210’ F 


differenual either by gravity settling or by the use of 
centnfuges 

4 The solvent should be readily and completely recover- 
able from the separated raffinate and extract phases 

5 The solvent should be non-corrosive to the usual 
materials of construction 

It IS frequently claimed in addiUon that the solvent 
should possess adequate solvent power for the naphthenic 
constituents and low solvent power for the paraffinic con- 
sbtuents, and should be relatively insoluble in the paraffinic 
matenal It is doubtfVil, however, if any selective solvent 
can be found which does not behave m such a manner 
The requirements that the solvent should be non-toxic is 
an advantage but not an essential, since satisfactory safe- 
guards against poisoning of operatives are relatively simple, 
and, moreover, the 'toxic’ solvents m use to-day are 
relatively innocuous compared to some of the products 
handled daily in the chemical mdustiy with absolute safety 


most other selective solvents in producing high yields of 
high VI oils, but the temperature gradient required is 
rather wide (about 100° to 0° C ) 

Fig 25 illustrates the equilibnum curves for liqiud SO, 
with a similar mixed-base heavy lubricating oil stock to 
that used for preparing the furfural curves m Fig 26 and 
has been constructed from the experimental results given 
in Table IV A study of these equilibnum curves for SO, 
indicates that, while at low temperatures, 70° F and under, 
very high gravity extracts are obtainable, the solubility of 
the raffinates increases rapidly in the SO, solvent as the 
treatment temperature is increased, and at 210° F, for 
example, where the slope of the tie Imes is suitable for the 
production of high V I raffinates of low specific gravity, 
the miscibility (equihbnum) curves necessitate working 
with high percentages of solvent to obtain phase separa- 
tions From the curves of Fig 25, therefore, it follows that 
if a raffinate of 100 V I (c 0 890 specific gravity) is to be 
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Table IV 

Batch Treatments of Heavy Lubricating Oil Base {Mixed Base Origin) with liquid SO, 



produced at 210° F with a good yield, the conditions 
necessary involve the following 

1 RafiSnate phase represented by point on the 210° F 
curve 

2 An extract outlet temperature chilled to about 70° F 
with the extract phase represented by a point on the 
70° F curve, and 

3 A pomt on the starting-lme representing the overall 
treatment, and, as explained previously, this point 
must also he on the hne joining points 1 and 2 The 
slope of this hne 1-3-2 would be small and it would 


intersect the starting-hne relatively near to the solvent 
apex of the triangle, from which it follows that, (a) the 
number of equivalent perfect countercurrent stages 
would be large, and {b) the treatment necessary would 
be heavy, resulting m the one case m mcreased capital 
cost and in the second in increased operatmg costs 
Moreover, the whole plant would be required to 
operate at a pressure m excess of the partial pressure 
of SO, m the hottest section of the plant, which would 
add to construction costs 

That pure SO, is capable of producing high V I raf- 
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iinates if employed at suitable treatment temperatures may 
easily be demonstrated by treating a high-grade raffinate 
(say 95 V I ) with hot liquid SO^ 

The possibility of producing good yields of high-quality 
(97 V I ) raffinates directly from certain mixed base lubn- 
catmg stocks by SO, alone, using a suitable temperature 
gradient, has, in fact, actually been demonstrated to be 
a commercial proposition 

Relatively little work has, however, been done on the use 
of liquid SO| at high temperatures, and the statement has 
been made that at high temperatures liquid SO2 reacts 
cheimcally with certain of the hydrocarbon constituents of 
the feed This, however, appears doubtful, since no indica- 
tion of any such reaction has been observed by the writer 
at temperatures up to 210° F , except small effects attn- 
butable to dissolved oxygen and moisture which result m 
the formation of sulphuric acid and sulphuric acid sludges 
It IS interesting in this connexion to note that the use of 
mixtures of liquid SOt and olefines (e g propylene) havmg 
from 2 to 5 carbon atoms per molecule has been patented 
[37] for lubncating oil treatment at temperatures up to and 
above that of complete miscibility of the oil and mixed 
solvent 

In lubricating oil manufacture liquid SO, finds its chief 
application in the production of medium-grade lubricants 
and high-grade turbine oils, but the majority of SO, plants 
are, however, engaged m kerosine refimng, for which the 
treatment averages 50 to 100% by volume at temperatures 
around 10“ F to 20° F A further application of the SO, 
process, discussed below, is the low-temperature extraction 
of naphthas for the production of extracts of high aromatic 
content and high octane number 

Furfural. 

The operation of the furfural process on various stocks 
has been previously described in the literature [24, 1933, 
3, 1935, 46, 1936, 45, 1936] Table V gives the results of 
a series of experimental batch treatments of the same heavy 
lubricating base used in the SO, experiments detailed in 
Table IV These results have been used to construct the 
equihbnum curves of Fig 26 

A comparison of Figs 25 and 26 indicates that both 
furfural at 130° F and SO, at 70° F produce extracts of 
similar quality (gravity, V G C , &c ) except at high per- 
centage solvent treatments when the SO, extracts, owmg 
to the greater curvature of the furfural equilibrium curves. 


will be more naphthemc It is, therefore, to be expected 
that the furfural process operating with an extract outlet 
of 130° F will produce raffinate yields comparable to those 
produced by an SO, process operating with an extract out- 
let temperature of 70° F In the case of furfural, however, 
while the slope of the tie lines changes rapidly with mcrease 
in temperature, the solubility of the raffinates in the solvent 
increases much less rapidly than in the case of SO, for 
a comparable change in slope of the tic Ime For example, 
the slope of the furfural tie lines at 250° F is approximately 
the same as the slope of the SO, Ue Imes at 210° F , but 
whereas a 0 900-gravity raffinate if treated with SO, at 
210° F would require the addition of about 180% of 
solvent before showing any separation of an extract phase, 
a raffinate of the same gravity treated with furfural at 
250° F would show separation of an extract phase if 
treated with more than about 22% of solvent 

Furfural is therefore an example of a smgle-solvent pro- 
cess having good selectivity for low-grade oils at 130° F 
and producing very high gravity extracts, thus ensuring 
good raffinate yields Moreover, by employing a tempera- 
ture gradient and operating with a high-temperature raf- 
finate outlet (c 250° F ) good yields of high V I oils may 
be produced This relatively high range of operating tem- 
perature gives the furfural process an added flexibility m 
that waxy stocks can be treated without difSculty, a pomt 
which is further discussed below 

Furfural, being an aldehyde, is oxidized fairly readily 
to give acidic products and is also stated to polymerize to 
gummy oil-soluble constituents For this reason the raf- 
finates and extracts from the furfural process are frequently 
shghtly contaminated by traces of gummy materials which 
are, however, removed by the subsequent acid or contact 
clay treatment This tendency to oxidize has apparently 
been successfully elimmated in the modem commerciid 
equipment which gives very low solvent losses over pro- 
longed periods of operation 

Anhydrous Phenol. 

Fig 27 gives the equilibrium curves over a temperature 
range of 105° F to 150° F for anhydrous phenol with the 
same medium viscosity lubricating base as used to construct 
the equilibrium curves for chlorex m Fig 21 Temperatures 
much below 1 10° F cannot in practice be employed with 
this solvent without danger of crystallization of the solvent , 
this, therefore, limits the naphthemcity of the extracts ob- 


Table V 

Batch Treatment of Heavy Lubricating Oil Base {Mixed Base Origin) with Furfural 
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tamable with anhydrous phenol A comparison of Figs 21 
and 27 indicates that the extracts obtainable with phenol 
at 1 10° F are comparable in quality with chlorex extracts 
produced at 70° F , but arc considerably less naphthemc 
than those product by liquid SO| at 70“ F , for example 
High yields of raffinate cannot be obtained with an- 
hydrous phenol, though, as explained in a later section, 
this limitation of the anhydrous phenol process is over- 
come in the newer installations by operating a combined 
phenol-water system 


process without operating at temperatures considerably 
below 70° F which introduces practical difficulties caused 
by (o) increased operating costs due to lefngerauon, and 
ib) reduced separaUon rates and throughputs For these 
reasons chlorex does not compare tavourably with solvents 
such as furfural, SO,, &c , for the production of high yields 
of medium-grade (or high VI) raffinates 
Eqmlibnum curves for chlorex and a medium-heavy 
lubricating oil base have already been given m Fig 21, and 
comparative results for SO, and chlorex at 60° F in Fig 22 



Phenol has the advantage of being a stable solvent 
readily recoverable from the raffinate and extract phases 
and, tmhke SO, and furfural, is not oxidized by the small 
amounts of dissolved moisture or oxygen generally present 
in the majority of feed stocks 

Chlorex. 

This IS an example of a single-solvent process operating 
at moderate treatment temperatures and possessing good 
selectivity for high-grade oils, which explains its early 
popularity for treatment of dewaxed stocks of Pennsylvania 
quality, while the high gravity of the solvent which favours 
rapid separation of the extract and raffinate phases and its 
relative insolubihty m water considerably reduces the size 
and complexity of plant required for chlorex treatments 
The solvent suffers from several disadvantages, however, 
in that It IS relaUvely expensive and decomposes slowly with 
the formation of free mineral acidity Moreover, highly 
naphthenic extracts cannot be produced by the chlorex 


Liquid Propane. 

Liquid propane, as generally employed for deasphalting 
and deresmatmg, is defimtely a selecUve solvent, although 
obviously not of the same type as liquid SO, for example, 
and it will be as well, since there are many solvents which 
behave similarly to liquid propane, to consider briefly the 
characteristic effects of the two types of selective solvent 
action 

i W Poole [31, 1936] has suggested classifying solvents 
as ‘Extractive’ and ‘Precipitative’, and the results of treat- 
ing, say, a lubricatmg oil base stock with these two types 
of solvents may be summarized as follows 

(a) Precipitative Solvents. The raffinate or ‘paraffinic’ 
phw contains the bulk of the solvent, while the extract or 
naphthenic phase consists principally of the high specific- 
gravity constituents of the feed stock, associated with only 
a relabvely small amount of the solvent Liquid propane 
as employed in propane deasphalting is a solvent of this 
class, as are also the butyl alcohols, &c [51] 
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(b) Extractive Solvents. The raffinate phase consists prin- 
cipally of the low specific gravity constituents of the feed 
stocks associated with relatively little solvent, while the bulk 
of the solvent is associated with the high specific gravity 
constituents of the feed stock in the extract phase All the 
commercial single-solvent processes belong to this type, e g 
SO], SOa-benzole, furfural, phenol, nitrobenzene, &c 
The ‘precipitative’ effect of the light paraffin hydro- 
carbons on the high-gravity constituents of petroleum frac- 
tions IS greatest in the case of liquid methane but decreases 
rapidly for the other members of the senes, as the results 
in Table VI published by Bray, Swift, and Carr [2, 1934] 
indicate 


lates, so that while from a given crude residuum the same 
yield of asphalt may be produced by distillation and by 
propane deasphalting, the oil produced by the distillation 
process will include naphthenic constituents which are 
absent in the propane-deasphalted oil, and the latter will 
include very high-boiling paraffime matenal normally lost 
m the asphaltic (or pitch) residue produced by disUllation 
Whereas in the case of extractive selective solvents such 
as SO2 chlorex, &t , the various components of the feed 
stock are separated mainly on a basis of chemical com- 
position or quality, in the case of precipitative solvents the 
separation appears to be effected largely on a molecular 
weight basis, and to a lesser extent on molecular structure 


Table VI 

Properties and Yields of Oil and Asphalt produced from Poso Creek Residuum {topped to 66 Sec Saybolt Universal 
Viscosity at 100° F on Overhead Stream) by Extraction with Low-molecular-weight Hydrocarbon Solvents 

(to volumes of solvent at SO" F) 


Properties of extracted oil 




Yield of 

«l/(?o 

Yield of 
asphalt 
(% by 

Gravity 

Viscosttv 

Saybolt 

Carbon 


Properties of asphaltic residue 
Specific 1 Melting- ' Penetra- I Ducti- 

Solvent 


1 duum) 

vot resi- 
duum) 

A PI 
at 60 f 

m"F 

2I0‘F 

rr^ 

Colour 

NPA 

gravity 

at60°F 

(T) 

77° F 

lity at 
77" F 

Ethane 

Propane 

(boiling-point, —42° 

to -40° F 

II 0 

1 75 0 

89 0 

25 0 

24 2 

17 5 

255 

2,100 

94 

0077 

2 35 

3i 

opaque 

0 98 

1063 

176 

soft 

2 

0 

0 

Propane, S0% 

Butane, 50% 
(boiling-point, —42" 

to +36° F 

1 

! 87 3 

127 

15 8 

4,000 

119 

42 

opaque 


275 

0 

0 

Butane 

50% isobutane, 

50% normal butane 
(boilmg-pomt, 14° to 

p3rF) 

i 89 2 , 

10 8 , 

157 

5000 

139 

53 

1 

' opaque 

1 107 

295 

0 

0 

Butane 

(boiling-point, 30° to 

>36 F) 

1 88 8 

II 2 

152 

4,600 

139 

5 12 

opaque 


307 

0 

0 

Pentane 

(boiling-point, 82° to 

1 100° F) 

95 20 ' 

48 1 

14 5 

10.000 

192 

6 23 1 

opaque 


320 

0 

0 

Hexane 

(boiling-point, 140" t 

ol56°F) 

I 98 0 

20 ' 

13 8 1 

15 . 000 ; 

208 

709 

opaque 


325 i 

0 , 

0 


Of these light liquefiable hydrocarbons, liquid propane 
is the most suitable for lubricating oil manufacture Liquid 
methane and ethane possess insufficient solubility for many 
of the useful hydrocarbon constituents present in the base 
oil, and liquid butane, pentane, &c , dissolve too much 
naphthenic and asphaltic material at normal temperatures 
The lighter hydrocarbons may be employed in the cold 
fractionation of crude petroleum as described by Pilat [13, 
1935, 30, 1936], but such a process does not appear to 
have been used to any great extent m pracUce, and is, in 
any case, merely the more general application of the pnn- 
ciples employed in propane deasphalting 
In the production of viscous lubricating oil distillates 
from asphaltic crudes, the oil and asphalt are unavoidably 
subjected to rather drastic heat treatment even under the 
best conditions of high-vacuum distillation, and some 
cracking and thermal decomposition of the high-molecular- 
weight hydrocarbons takes place In propane deasphalting 
the separation of the imdesirable asphaltic matter is accom- 
phsh^ under relatively low-temperature conditions where 
no tmdesirable thermal decomposition is possible, and the 
asphalt-free oils obtained by this procedure are consider- 
ably better m viscosity mdex, &c , than the best distillate 
produced by high-vacuum distillation from the same crude 
stock Part of this advantage, however, lies m the fact that 
liquid propane exerts some selective action on the naph- 
thenic constituents normally mcluded m the heavy distil- 


For any given senes of hydrocarbons subjected to some 
specified conditions of treatment with a precipitative sol- 
vent, the separation into raffinate and extract (or ‘oil’ and 
‘asphalt’ phases) appears to take place at some defimte 
pomt in the molecular-weight scale dependmg on the treat- 
ment temperature, though the position of this point m the 
molecular-weight scale depends also upon the constitution 
of the hydrocarbon series, so that the greater the degree of 
paraffinicity the higher will be the average molecular weight 
of the constituents retained m solution in the raffinate 
phase, and the higher the position of the point of separation 
between ‘oil’ and ‘asphalt’ on the molecular-weight scale 

When methane is forced into a propane solution of an 
od mixture which has been freed of asphalts and highly 
aromatic colouring substances, aromatic components of 
much lower molecular weight are precipitated together 
with higher molecular-weight oils of para^ic characteris- 
tics This IS shown by the following figures for (a) a 66% 
distillateftaken off under 0 2 mm pressure) from a lubncat- 
ing oil traction precipitated by methane at 70/100 atm , 
(b) the precipitated fraction itself, and (c) the 34% residue 
[30. 1936] 

If a crude residue or heavy lubneating oil fraction is 
subjected to repeated extractions or precipitations with 
propane the separated ‘asphalt’ phases will decrease in 
molecular weight with each step m the treatment Table 
VII shows the results of treating a Pennsylvania Bright 
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Table VII 

Propane Fractions of Pennsyhania Bright Stock 


„ ,1 , „ , ! Viscostn (SavboU) 

Precipitated \on API - ' 

fraction charge gravity 100° F IICP F VI VGC 

Charge ,100 26 6 | 2,337 1509 ■ 100 0 807 

1 and 2 I 3 68 i Insufficient for analysis 

3 ,10 24 25 3 4,023 218 4 102 0 811 

4 12 84 25 4 3,543 199 8 102 0 812 

5 9 52 25 6 3,495 197 4 lOt 0 811 

6 and 7 805 257 ' 3,093 180 6 100 0 811 

8 12 30 26 6 2,076 138 8 98 0 809 

9 and 10 37 00 27 5 { 1,485 112 6 97 0 806 


I Pour- I Carbon 

point, I residue 

I “ F (Conradson) 

j 25 I 1 69 

! 25 2 48 

I 25 ' 2 47 

25 , 2 51 

1 25 2 31 

I 25 I 1 55 

30 1 19 


Table VIU 

Batch Propane Treatments of a Dewaxed Asiatic Crude Residuum 


Propane | % propane bv % volume yield 

treatment ' weight in lover on charge 


Analyses of propane-free products 


{on charge) | ' _ _ _ _ 

% by % bv ' Oil Asphalt \ Sp gr Viscosity {stokes) 

wt , vo! \ phase^^se yU \ Mphalt , at HIP F lOO^ F ' 20(P F VI VOC 


Asphalt 

'ip gr 
at 60° r 


Charging stock 
(untreated) 

150 300 70 5 23 0 

184 ' 368 75 0 21 1 

286 ' 571 82 8 21 1 

478 955 88 5 21 0 


100 ' 0999 

56 44 , 0 942 14 1 

59 ' 41 .0 941 12 4 

59 . 41 ! 0 938 10 97 

65 35 I 0 942 13 52 


0 513 50 I 0 861 1 073 

0483 I 52 . 0 860 , 1081 

0 452 60 ' 0 857 1 087 

0 498 ' 47 ' 0 862 I 1098 


tx tract ' 66 °o distil- 34% residue 
precipitated ' late cut ‘ from 
by methane from extract ' extract 

I (W (a) I (c) 

Spgrat60'F ' 0 9275 09315 ' 09190 

Viscosity at 50“ C I 15 27“ E 9 02'’E | 40 70°E 

Viscosity index 44 19 ,'71 

Stock with liquid propane at increasing temperatures, given 
by Wilson, Keith, and Haylett [48, 1936] 

For representing the equilibrium relationships between 
hquid propane and heavy lubricating oil distillates or resi- 
duums the triangular graph is agam to be recommended 
Fig 28 illustrates the equilibrium relationship at 70° F 
for liquid propane and a dewaxed Asiatic crude residue, 
plotted on a weight basis with a specific-gravity scale for 
the base of the triangle, from the experimental results given 
m Table VIII which show that the asphalt phase contains 
appreciable quantities of propane The asphalt phase is in 
effect a true homogeneous soluUon of propane in asphalt, 
even though under certain conditions and with certain 
types of starting stocks the asphalt phase may separate as 
an apparently solid granular mass 
A comparison of Fig 28 with any of the equilibrium 
diagrams for the solvents previously described shows that 
the shape of the curves is similar but that the propane curve 
is reversed in curvature, being convex towards the low- 
gravity apex of the triangle, whereas for the extractive 
solvents the equihbnum curves are convex towards the 
high-gravity apex It follows that m propane extraction or 
deasphalung, the asphalt phase corresponds to the raffinate 
phase of solvenU such as phenol, and steadily ‘improves’ 
with increasing solvent treatment (i e the asphalt phase 
steadily increases in specific gravity with increasmg pro- 
pane treatment compared with the steady decrease m 
gravity of phenol raffinates with increasing phenol treat- 
ment) Hie oil phase in propane deasphaltuig corresponds. 


on the other hand, to the extract phase of extractive 
solvents such as phenol, and in a similar way, depending 
on the treatment temperature and starting stock, may 
first improve in quality up to a certain point and then 
deteriorate with increasing solvent treatment, and just as 
the yield of extract from a phenol process, say, increases 
continuously with increasing treatment, so the yield of oil 
IS always mcreased by increasing the propane treatment 
This IS clearly brought out in Table VIII, where the quality 
of the oil obtained with 286% by weight of propane is 
considerably superior to that obtained either by higher or 
lower treatments 

The effect of treatment temperature on precipitaUve 
solvents, e g in propane deasphalting, is different from its 
effect on the extractive solvent processes in that the area 
enclosed withm the equilibrium curves is increased, with 
the result that the specific gravity of the deasphalted oil 
produced at the higher temperatures tends to decrease On 
the other hand, as in the case of the extractive solvents, the 
slope of the tie lines is steeper for the larger curves, and 
since the asphalt phase corresponds to the raffinate phase 
in the other type of solvents, the yield of asphalt is in- 
creased and the gravity decreased by operaUng on the 
larger curves obtained at higher temperatures 
Donble-solToit Processes 

The double-solvent processes may, generally speaking, 
be subdivided into two classes 

(а) Blended solvents, such as the phenol-water process or 
the Edeleanu SOi-benzole modification of the ori- 
ginal SO| process, which funcuon mainly as the smgle- 
solvent process but with modified selectivity 

(б) Two solvent processes, such as the Duo-Sol process, 
die mechanism of which is not at present completely 
understood but m whidi one solvent is an ‘extractive’ 
solvent and the other a ‘precipitative’ solvent as 
explained above. 
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Fig 28 Equilibrium curves for liquid propane and dewaxed crude residue at 70° F 


The Duo-Sol Process. 

This process has been developed by the Max B Miller 
Company of New York, and has been frequently described 
in the literature [42, 1935, 26, 1935] Two solvents are 
employed (a) Selecto, which is essentially commercial 
cresylic acid, and (b) liquid propane 
As an efficient smgle solvent, cresylic acid is limited 
owmg to its relatively low miscibility temperature with the 
average mixed-base feed stock and to its high solubility 
for even the moderately high-grade oils It has, however, 
high selectivity for high-grade oils at the usual treatment 
temperature, but compared with other single solvents, the 
raffinate yields obtamed with cresylic acid are low 
The effect of treating with cresylic acid and propane, as 
compared with treatmg with cresylic acid alone, is illu- 
strated by Tuttle [42, 1935] for a dewaxed Oklahoma City 
residuum m Table IX 

In the operation of the Duo-Sol process the liquid pro- 
pane and the selecto are fed to opposite ends of a counter- 
current system, and the raw-oil feed stock is mjected at an 
mtermediate pomt somewhat nearer the propane inlet than 
the selecto inlet end of the system The system thus com- 
prises m effect a stnppmg section in which the outgomg 
raffinate is stopped by the selecto of the naphthemc con- 
sbtuents contamed therem, and a recUfymg section m 
which the extract is freed from paraffime consUtuents by 
washuig or refluxing back with propane 
In practice only part of the fresh propane is fed to the 
last stage of the system, the remainder bemg utjected with 
the ffesh feed of raw oil This arrangement has been found 


to give greatest overall economy (yields and quality) [48, 
1936, 38] 


Table IX 

Treatment of Dewaxed Oklahoma City Residuum 


Total solvent used in batch treatment 
% propane 


I Single 
I solvent 


300 


Yield of raffinate I 

Composition of raffinate , 

Paraffinic oil I 

Naphthenic oil | 

„ paraffinic oil in raffinate , 

Ratio 

paraffinic oil in extract 


68 65 

59 63 
9 02 
2 48 


I Duo-Sol 


77 77 

65 29 
12 48 
3 49 


The operation of the Duo-Sol process is dependent on 
the effect of two different types of solvent (precipitative 
and extractive), and will be better understood when the 
sunilarity between distillation and solvent refinmg is dis- 
cussed It should be mentioned, however, that the pnnciple 
involved will be found to apply equally to a considerable 
number of other solvents, as, for example, the following 
Precipitate solvents Extractive solvents 

Liquid propane, propylene, 1 Furfural, nitrobenzene, chlorex, 
Ac / SO„ &c (32) 

5rc-butyl alcohol and Cresol, furfural, liquid SO,, &c 

Certam of the above combinations of solvents are 
covered by existmg patents [37], but m general it may be 
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stated that the process depends on the satisfactoiy com- 
bination of a precipitative with an extractive solvent 
The advantages of the Duo-Sol process are chiefly (a) lU 
abihty to produce high-grade, good-coloured oils directly 
from asphaltic stocks and crude residuums, thus avoiding 
the high-vacuum distillation necessary to separate the 
lubricating oil fractions from the pitch, and (h) the very 
high yields of viscous lubricants obtainable by the Duo-Sol 


the equilibrium curves contract towards the left of the 
tnangle, so that the extracts produced are less naphthenic, 
and raffinate yields arc reduced accordingly For example, 
while it IS impossible under any conditions of treatment to 
produce lOOV 1 (0 816 V G C )raffinatefrom this medium- 
heavy lubricating base with SO, alone at 60“ F , the effect 
of various benzole concentrations in the feed solvent is 
indicated m Table X, which gives the maximum yield of 



process, which probably slightly exceed those obtauiable 
by any other practicable combination of vacuum distilla- 
tion and solvent refimng 

On the other hand, if low carbon residue values are 
required on the high viscosity-flnished lubricants, then it 
beromes necessary to sacrifice part of the advantages m 
yield, since it is necessary to reject even the high-boiling 
paraffinic hydrocarbons together with the naphthenic and 
asphaltic consutuents in order to meet this specification 

The SO,-Benzole Processes. 

The effect of employing an SO, -benzole blended solvent 
instead of pure SO, as a selective solvent is illustrated by 
the senes of eqmhbnum curves in Fig 29 for the same 
medium-heavy lubricating base used in Figs 21, 22, and 27 
The addition of benzole to a selective smgle solvent has a 
similar effect to that obtamed by increasmg the treatment 
temperatures for the single solvent, although the two effects 
are not identical, i e as the proportion of benzole in the 
solvent is increased the slope of the tie lines decreases, 
making it possible to obtam higher quahty raffinates, but 


100 V I raffinate and the number of perfect countercurrent 
stages estimated for maximum raffinate yield 

Table X 


SO,-ben 2 o]e raiio in solvent 
Number of perfect countercurrent 
stages required to produce 100 V I 
raffinate (estimated) 

Volume per cent of solvent required 
at60"F 

Yield of 100 V I raffinate obtainable 
Quality of extract produced 
VGC 
VI 


60 40 I 70 30 I 80 20 

li 1 21 ; 31 

240 ; 215 i 200 
33 6 1 54 2 I 60 4 ' 

0 922 ' 0 970 I 0994 
0 , -185 I -350 


The effea of addmg benzole to a selective solvent is 
general and applies to all single solvents of the ‘extractive’ 
type (eg SO,, chlorex, furfural, &c), and the advan- 
tage of employing a benzole-blended solvent is that it 
enables any given high-quality raffinate to be obtained at 
a lower treatment temperature than would be necessary 
if the unblended (benzole-free) solvent were used alone 
At the same time, however, unless lower temperatures are 
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maintained at the extract outlet from a benzole-blended 
solvent-treatmg system, the extracts obtained will be lower 
in specific gravity and hence yields will be reduced 
As a general rule, therefore, for maximum yields it is 
preferable to employ an extended temperature gradient 
with a pure solvent than to employ a benzole-blended 
solvent, as the following figures illustrate 


Treatment of Heavy Lubricating Bave (Mixed Baw Origin) 
in Eight-stage Countercurrent Plant 


Treatment 
vol X 
250-300 
500 


Temperature 
; gradient 
Raff j Extr 

55“ C ' 0“ C 
80“ C , 0‘ C 


I 


Raffinate \ 

j yield ' txtraet 
VI jmr/J xp gr 
96 I 63 , 1 048 

94 I 70 3 ! 1066 


When an oil is treated with an SO,-benzoIe mixture the 
SOt and benzole do not mamtain a fixed ratio throughout 
the treating system, but the solvent in the raffinate phases 
is found to be richer in benzole and the solvent in the 
extracts poorer in benzole than the original SOi-benzole 
blend used as fresh solvent feed This phenomenon is 
general and is illustrated by the figures in Table XI. 
which give the approximate phase analyses for various 
batch extractions using furfural-benzole blends to facilitate 
solvent rectification 


Table XI 

Approximate Composition of Solvent in Fui fural-Benzole 
Treatment of Lubricating Oil Stock (Treatment in each 
case approximately 2(X)% solvent by volume at J3(TF) 


Composition of charge solvent ' ! 

Furfural benzole , 90 10 80 20 j 70 30 

Composition of solvent in raf- , | 

finatc layer furfural benzole i 75 25 i 45 55 

ComposiUon of solvent in extract ' i 

layer Furfural benzoic I 92 8 83 17 ^ 75 25 

Although in the original modification to the Edeleanu 
process pure benzene was employed, this is seldom used 
in practice Crude benzole cut approaches pure benzene 
closely in solvent effect, and even this may be replaced if 
desired by an aromatic extract of suitable boiling range 


obtained from solvent treatment of a kerosine or heavy 
naphtha fraction, though as the aromatic content of the 
extract substitute decreases, so does the solvent effect de- 
crease compared with pure benzole 
Analysis of a typical motor benzole used in commercial 
SOt-benzole plant is given in Table XU 

Table XII 


Specific gravity at 60° F 0 8737 

I B P , “ C 77 

Distillation 

Temp at 2"„, ^ C 80 

. 5 , 81 

„ 10 81 5 

50 , 84 5 

, 70 87 

, 80 , 94 

. 90 104 

fBP,“C 149 

Total distillate, 99 


Tlie Phenol-Water Process. 

Anhydrous phenol possesses very similar characteristics 
and limitations to anhydrous cresol, but whereas in the 
case of cresol the effects of the solvent have been modified 
in the Duo-Sol process by introducing liquid propane into 
the oil-cresol system, which influences the physical pro- 
perties of the oil being treated but does not affect the 
properties of the solvent, in the phenol-water process the 
introduction of water into the phenol-oil system modifies 
the solvent treatment effects by modifying the properties 
of the solvent only Fig 30 gives the equilibrium curve for 
anhydrous phenol at 1 10' F with a heavy lubricating base 
of mixed-base origin, based on the experimental results 
given in Tables XIII and XIV 

The results of adding water to anhydrous phenol extract 
are superimposed on the same curve by calculaung phase 
and mixture compositions in terms of oil and total solvent 
(phenol plus water) To obtain these experiments the pri- 
mary extract layer produced by treatment with anhydrous 
phenol IS separated and then mixed with a definite amount 
of added water, but if the amount of water which is added 
to the anhydrous phenol extract layer exceeds a definite 
quantity a third aqueous layer makes its appearance 
From the International Critical Tables the limiting propor- 
tion of water which can be added to anhydrous phenol 


Table XIU 

Phenol Treatment of Heavy Lubricating Oil Base 





Expt 14 Aqueoiu layer obtained above raffinate and extract layers 


Pseudo-raffinate layer 12 S% by vol 

Enriched extract layer 75 0% by vol 

Aqueous layer 12 5 % by vol 

* V G C estimated from Sp gr —V G C corves See Fig 2 


PURE SOLVENT 
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RAFFINATES SPECIFIC GRAVITY AT IOO*F EXTRACTS 


Fio 30 Equilibnum curve for anhydrous phenol and heavy lubncating oil base at 110° F , with results for aqueous 
dilution of phenol extracts 

without causing phase separation is approximately 34 5% for the layer to exert any appreciable solvent acUon on 

by weight of the phenol-water mixture at 1 10° F , and pro- the hydrocarbon constituents of the ongmal mixture, with 

portions m excess of this cause the formation of conjugate the result that the layer appears colourless and may be 

phases contammg approximately 10 2% and 65 6 % phenol rejected 

by weight respectively (See Fig 31 ) It is seen from Fig 30 and Tables XIII and XIV that as 

In experiment 14 (Table XIV) the amount of water added the amount of water added to the primary extract is m- 

has exceed the muumum required to form two coiyugate creased, the quahty of the pseudo-raffinate which separates 

phases and 48 c c of aqueous layer (contauung approxi- rapidly deteriorates until the pomt is reached beyond which 

matdy 10% phenol by weight) have separated The con- the addition of water to the primary extract layer results 

centration of phenol m this new phase is, however, too low m the formation of a third phase If the amount of water 
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added is increased beyond this quantity, then the dilute 
aqueous phenol in equilibrium with the extract and pseudo* 
lafifinate will remain constant in composition but slowly 
decrease m amount, and the quality of the pseudo-raffinate 
and extract phases will approach each other until, in the 
limit, the amount of aqueous phenol is insufficient to cause 
the separation of a pseudo-raffinate and the bulk of the 
phenol will have been transferred to the dilute aqueous 
layer 

Fig 31 also illustrates why the addition of water to 
furfural extracts cannot be expected to yield extracts of 
greatly increased naphthemcity, since the amount 
of water which may be added without causing 
the formation of the third aqueous layer is very 
lunited 

Table Xlll also gives the results of treating the 
heavy lubricating base directly with phenol-water 
mixtures, and illustrates the highly naphthenic 
extracts obtainable by this means On the other 
hand, the selectivity of aqueous phenol for the 
high-grade oils is poor, so that direct treatment 
with aqueous phenol is uneconomical for the 
manufacture of high-grade oil despite the high 
yields obtainable, owing to the large volume of 
solvent required These limitations have been over- 
come by, in effect, treaUng with anhydrous phenol 
and adding water to the extract A tower contactor 
IS used, operating under a temperature gradient, 
and water is injected at a point near the base The 
process is fully described elsewhere [39, 1936] 

Analogy between Solvent Extraction and Dis- 
tillation. 

In the World Petroleum Congress of 1933 Saal 
and Van Dyck [35, 1933] contributed an excellent 
article on the analogy between distillation and 
solvent extraction, in which they pointed out that 
by makmg suitable transformations in the con- 
trolling variables extraction problems could be 
simplified by consideration of the known principles 
of distillation practice 

The extent of this analogy is not widely ap- 
preciated, but It may be stated that in general the 
pnnciple laws governing the transformation of 
liquids and liquid mixtures into vapour, le 
partial pressure of hydrocarbon mixtures, vapour 
pressure-temperature relationships, Ac, will be 
found to have their equivalent m the laws governing solvent 
extraction of hydrocarbon mixtures In distillation the 
variables which determme the system are heat content and 
volume which may be controlled by adjustment of operat- 
ing temperature and pressure In solvent extraction, on the 
other hand, the variables are heat content and quantity of 
solvent (which determines the volume of the system), and 
these may be controlled by adjustment of the amount of 
solvent employed and the operatmg temperature In com- 
panng distillation and solvent extraction processes, how- 
ever, there is a kmd of interchange between the role of 
heat content and volume, so that heat m distillation is the 
analogy of amount of solvent in extracuon, pressure m 
distillation corresponds to treatment temperature m extrac- 
tion, while change m distillation temperature (which for 
the distillation of mixtures determuies heat content) corre- 
sponds in effect to variation in the amount of solvent used 
m extraction 

In an equihbrium flash distillation the supply of heat to 


the system results m an increase m the amount of vapour 
phase and in the vapour-hquid ratio at constant pressure 
The supply of solvent to an extraction system results m an 
increase in the extract phase and m the ratio of extract 
phase to raffinate phase, from which it follows that the 
extract phase in extraction corresponds to the vapour phase 
in distillation, and that an mcrease in paraffinicity of a 
hydrocarbon mixture on solvent extraction corresponds to 
an increase in boiling-pomt of a liquid residue on distilla- 
tion of a hydrocarbon mixture 
In solvent extraction problems, therefore, the asphaltic 


Miscibility curves for phenol-water and furfural-water mixtures 
constituents of greatest molecular weight must be con- 
sidered analogous to the most volaule constituents of a 
distillation system, and by the same reasomng liquid pro- 
pane IS seen to correspond in distiUaUon to an exceedmgly 
htgh-boiling hydrocarbon 

Varteressian and Fenske [43, 1937] give an excellent 
comparative discussion on treatment of distillation and 
solvent extraction problems 

It has been shown, for example, in Fig 21 that at tem- 
peratures above about 1I5°F no separaUon mto two 
layers is jxissible with any percentage of chlorex for ma- 
tures of this solvent and base stock This corresjionds to 
the distillation of bmary matures m which, at pressures 
above the critical pressure for the mixture, it is impossible 
to form a second liquid phase from matures containing 
more than a certam proporbon of that component More- 
over, as pomted out in the same section, it is impossible 
to obtam raffinates above a limitmg quality at any given 
temperature, dependmg on the treatment temperature and 
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solvent used This limiting quality corresponds in the case 


of distillation to the maximum boiling still residue which 
may be obtained at a given distillation temperature when 
the still temperature is below the boiling-point of the 
heaviest constituent 

A consideration of various well-known phenomena by 
analogy with known distillation practice is mstructive In 
SOa extracuon, for example, at any given temperature the 
limiting quality of rafiinate obtainable is relatively low If 
instead of SO|, SOt-benzole mixture is used as extracting 
agent, the limiting quality is improved, since benzole, being 
a hydrocarbon completely miscible in SO,, acts as a vapour 
m distillauon and the system becomes analogous to the 
increased volatility obtained by introducing steam or a 
light-boiling liquid into a distillation system at a fixed 
temperature, thereby reducing the partial pressure of the 
system A further mteresting illustration is afforded by the 
Burmah Oil Company, patent No E P 459,595, which 
covers the improvement in aromaticity of SO, extract from 
spirits and light distillates by extracting the separated 
extract phase with a paraffinic lubricaUng oil Here the 
analogy with distillation may be explained as follows the 
separated extract phase (free from rafiinate) represents a 
vapour system of fixed heat content The paraffinic lubri- 
cating oil corresponds to a high-boiling liquid, and its 
addition to the vapour system causes a readjustment of 
heat with partial condensation of the higher boiluig con- 
stituents, 1 e separation of the more paraffinic fractions 
The system is analogous to the common absorption pro- 
cess in gasoline recovery 

Propane deasphalting and the Duo-Sol processes owe 
their ^ectiveness to the fact that liquid propane m solvent 
extraction is analogous in distillation to a very high-boiling 
liquid of high sensible heat content, the addiUon of which 
to a system of fixed heat content results in a readjustment 
of heat and the volatilization of the lowest boiling con- 
sUtuent 

One further case remains to be considered the addition 
of water to phenol, cresol, &c , extraction systems As 
before pointed out, the effect of adding water to a phenol 
extract is to produce a separation of pseudo-raffinates up 
to a certain point beyond which a third phase, consistmg 
mainly of water, makes its appearance A little considera- 
tion will show that the effect of water is similar to the 
addition of a low-boiling immiscible liquid, such as water, 
to a distillation system, i c the added liquid immediately 
vaporizes at the expense of the less volatile consUtuents m 
the vapour phase 

It IS clear, therefore, that since in this system the water 
IS playmg the part of an inert liquid and merely exerts its 
effect by reason of its equivalent heat capacity, the effect 
obtained by adding ivater to phenol extracts will be greater 
than by treating with aqueous phenol, as is known to be 
the case in actual practice 

In fractional distillation it is well known that optunum 
separating conditions are obtained by maintaimng a con- 
stant molal reflux down the column in the case of 
countercurrent solvent extraction at constant temperatures, 
however, the solubihty of the raffinate m fresh solvent is 
much less than the oil concentration m the extract pha se 
teavmg the other end of the system, so that the molal con- 
centration in the solvent phase is not constant throughout, 
but increases steadily through the system Bymcreasmgthe 
temperature at the rafiinate end of the system and mam- 
tammg a temperature gradient so that the concentrauon 
m the solvent (extract) phase is constant throughout the 


system, the advantages of operating with a constant molal 
reflux will be obtamed as in distillation This argument, 
however, requires modification, for whereas m distillation 
the shape of the vapour-hquid equilibrium curve does not 
as a rule change greatly with increasing temperature, in 
solvent extraction processes the sclecUvity of the solvent 
changes appreciably with temperature, so that although 
a temperature gradient is definitely advantageous m solvent 
extraction, the optimum operating conditions may not 
require a constant concentration in the extract phase 
throughout the entire system 
In all cases it must be emphasized that while the analogy 
to the better-understood distillation processes may be 
found of considerable assistance in deciding the mechanism 
of an extraction process, theories based on distillation 
practices should not be too quickly adopted without first 
studying the equilibrium conditions for the solvent and 
base stock under all the possible conditions 

Correlation of Plant and Laboratory Results 
Mathematical analyses of continuous countercurrent 
liquid-liquid extraction processes have been discussed in 
the literature by Hunter and Nash [16, 1935, 17, 1936, 18, 
1932], Saal and Van Dyck [35, 1933], Evans [7, 1934], 
Cannon and Fenske [4, 1936], and others, but none of 
these references give sufficient data to compare actual plant 
operations with the predicted results based on laboratory 
batch cxtracUons Rushton [34, 1937] claims that actual 
countercurrent operation does not give results which are 
in Ime with laboratory predictions, in illustration his actual 
laboratory data for countercurrent operation are given m 
Table XV, together with the smoothed results required to 
fit the equilibrium curve determined by batch extractions 
As Rushton states, it is not necessarily true that the ex- 
tracts and raffinates for single-stage batch and multi-stage 
countercurrent operation should all fall on the same equi- 
libnum line for a system when there is decided mutual 
solubility On the other hand, the experimental evidence 
given m support of these statements is inconclusive and 
exception must be taken to the method adopted in deter- 
mining the batch equilibrium at any temperature by first 
heatmg to complete immiscibility and then cooling to 
the separation temperature Moreover, Rushton's experi- 
mental results for two-stage countercurrent operation show 
far greater divergence from the batch equilibrium curve 
than do his three-stage results, which would hardly be ex- 
pected if the same equilibnum curve did not apply for 
batch and countercurrent treatments 
Several attempts have been made by the present writer 
to correlate countercurrent plant operation with the results 
predicted by laboratory batch extraction of the same feed 
stock, and the conclusions reached may be summarized as 
follows 

1 The results obtamed with three- and four-stage 
countercurrent plant workmg trader equilibrium condi- 
tions of mixing and separating show that a very close 
approximation to the actual plant condiuons may be pre- 
dicted from the equilibrium curve constructed from labora- 
tory batch extractions 

2 A defimte discrepancy, however, exists between actual 
and predicted results for countercurrent operation, which 
IS shown by the steeper slope of the tie hnes for the various 
countercurrent stages This discrepancy is small in the 
case of light oils (spints, kerosmes, and light gas oils) but 
is appreciable m the case of the more complex lubneatmg 
oil liractions of petroleum 



TRIANGULAR GRAPHS TO COMPARATIVE LABORATORY STUDY OF REFINING PROCESSES 1861 


Table XV 

Experimented and Smoothed Data from Equdtbrmm Batch Countercurrent Extractions 
Laboratory data 

Rafliiiate Extract ! 

I Vo/ y.\ { voi % ! 

I NO, 


! 0 844 19 8 

I 0 834 17 1 

, 0 827 15 5 

, 0 821 13 2 

I 0 817 I 12 8 
, 0 822 I 13 7 

' 0815 I 137 
0 812 I 12 7 
' 0 821 I 13 6 
I 0810 I US 
, 0 800 ' 10 5 


yac 

0 897 I /j-» 
0 893 75 8 

0 889 79 0 

0883 I 81 1 

I 

0 875 I 83 5 
0889 I 709 
0 886 I 79 3 

0 881 I 81 2 

0 899 I 70 6 
0 890 I 77 7 
0880 I 83 0 


0 827 
0 822 
0818 
0815 

0 826 
0 818 
0 814 
0 810 


i 0 821 

' 0814 

, 0 809 

I 0 804 
I 0 800 


62 9 I 0 889 , 2 36 


0 897 
0 892 
0 887 
0 882 
0 878 


40 0 

62 8 0 899 

54 4 ' 0 893 

48 7 I 0 889 
42 5 I 0 884 
37 5 ' 0 880 


3 The various raffinate and extract-phase analyses for 
the different countercurrent stages are found to fit in with 
the graphical constructions for countercurrent operation 
described below, as can be seen m Fig 43, which gives 
results for a three-stage countercurrent plant operating on 
SOt and light gas oil 

Estimation of Number of Countercurrent Stages re- 
quired from the Equilibnum Curve. 

The equilibrium curves may be used to obtain an esti- 
mate of the number of ideal or perfect countercurrent 
stages required to obtaui a given quality raffinate with a 
given amount of solvent The method employed was 
developed by Hunter and Nash [18, 1932, 1934], and a 
simplified graphical construction is given in a review by 
Evans [7, 1934], but in order to assist the discussion the 
prinaple of the graphical construction may be summarized 
as follows with the aid of Fig 32 The reader is referred 
to the two articles just mentioned for the proof of the 
construction 

Fig 32 shows in diagrammatic form the graphical rela- 
tionships for a countercurrent process equivalent to three 
ideal stages (a) under isothermal conditions and (6) under 
a temperature gradient of 30° F at the extract outlet end 
of the system to 100° F at the raffinate outlet Pomts D, 
/, and M represent the composition of the base oil and 
solvent-free raffinate and extract respectively, and C the 
composition of the pure solvent feed The composiUon of 
the extract and raffinate layers (or phases), leaving the 
opposite ends of the plant, are represented by the points E 
and K respectively L, the intersection of CD and EK, gives 
the overall composition of the feed to the system and the 
percentage solvent treatment — DLjCLx 100% The point 
S IS located by the mtersection of the lines JKC and DE 
Smee m the ideal stage equihbnum is attained, the pomt F 
(raffinate phase leaving the first stage m equihbnum with 
the final extract E) is located at the opposite end of the 
tie Ime throu^ £ G is located as the mtersection of 
the line FS with the equilibrium curves for the temperature 
prevaihng m the next stage, and H by the tie hne through 
G, and so on Similarly, if the actu^ results obtamed on 
any coimtercurrent plant under given conditions of solvent 
in 


treatment, temperature. Sec , are known, and if the equili- 
brium curves for the same solvent and feed stock are 
available, an estimate might be made of the average or 
overall stage efficiency of the process plant (See Pnn- 
aples of Solvent Extraction by Hunter in this section ) 
However, since the slope of the equilibrium tie hne m 
countercurrent processes does not correspond with the 
slope of the tie hne for the same quality rail^te or extract 
produced at the same treatment temperature by single- 
batch treatment of the feed stock, the efficiency of each 
stage must be separately determmed by laboratory mixing 
and separation of the products entering the countercurrent 
stage Such laboratory-determined tie Imes are included in 
Fig 43 for laboratory treatments 31 and 32 obtained by 
treatment of the raffinates from stages 1 and 2 respectively 
While it must be agreed, therefore, that actual counter- 
current plant operation cannot be predicted exactly from 
equilibrium curves based on batch extraction, it must be 
re-emphasized that the specific gravity-viscosity relation- 
ships, &c , for countercurrent operation do not differ 
within practical limits from similar quality products pre- 
pared batch extraction, this has been fully discussed in 
an earlier section The discrepancy between actual and 
predicted results for plant stages, &c , appears to be the 
same for all solvents, but this has only b^ exammed by 
the present wnter for the limited number of solvents, e g 
furfural, chlorex, SO|-benzole 

Pre-diillii% and Pre-dQution of Feed Stock by Solvmt 
Injection. 

In order to assist the pumpmg of the cold oil m the case 
of the more viscous feed stocks, part of the solvent is some- 
times injected with the fresh feed m actual practice 
The effect of such pre-dilution to reduce feed-oil viscosity 
will be the same in any solvent process and can be seen by 
reference to Fig 32 The feed to sUge 1 is now a mixture 
of oil and solvent, i e a point on the Ime DC near to D 
On joming this new point to E and producing the line to 
cut the line C/, the new position of the point S will be found 
to be farther from the triangle so that pomt G will be nearer 
the point E, and so on, with the result that more stages will 
be required to reach the desired quality raffinate J 



1862 


SOLVENT-EXTRACTION METHODS OF REFINING 


Taking a figure of 2S % for the amount of solvent uyected 
with the fresh feed, an estimate, made on the Imes descnbed 
above, of the reduction in the number of ideal stages 
mdicated a loss equivalent to 0 6 of a perfect stage in one 
instance for a plant operating on a feed stock of high 
viscosity 



While the amount of entrainment which takes place in 
the settlers will be an entramment of one phase in another, 
the effect of this entrainment on the quahty of the products 
may be appreciated by comparison of specific gravities for 
the solvent-free raffinate and extract leavmgeach stage with 
the corresponding gravities for the uncontammated pro- 





(b) 

Fio 32 


Mixer Ifflcieoey. 

The ease with which equilibnum is attamed on mixing 
any oil and solvent makes it possible to obtam very good 
mixer efficiencies, and in general plant practice the mixer 
efiBaency is high, as shown by the following actual results 


(a) Sample of mixture enterms settler, immediately settled at mixer 
temperature and the two phases separated and analysed 
% oil III Sp gr of 

layer by W solvent-free oil 
Raffinate 73 0 0 9377 

Extract 8 2 1 0718 


( 6 ) 


Sample of mixture entering settler, repeatedly shaken at mixer 
temperature to ensure equilibnum, settled at same temperature 
and the two phases separated and analysed 


Raffinate 

Extract 


% oil in Sp gr of 

layer by wt solvent-free oil 
74 0 0 9372 

8 7 I 0723 


Settler Effidency. 

The amount of entrainment in vanous plant settlers is 
generally the chief cause of mefficimt plant operation, and 
since, as has been shown, the mixing efficiency m most 
plants IS almost perfect, it follows that the efficiency of the 
vanous stages must be mainly detemuned by the separation 
m the settlers 


ducts The average figures given below have been taken 
from an actual plant test and show that in this instance 
the effect of entramment was greater in the extracts than 
in the raffinates, and was most marked at the raffinate 
outlet end of the system 

Table XVI 


Settler no 


2 

3 

4 

Raffinate (Solvent free) 

OiavKy of unconumiasted raffinate 





■eparation of iiiixer lample 

Actual gravity of raffinate leavuig 
aettler 

Extracts (Solvent free) 

Gravity of unconUnunated extract 
entering eettler, obtained by perfect 
•epaiatlonofiiitaariample 

0 9376 

0 9273 

0 9201 

09120 

09399 

0 9277 

09210 

09119 

10643 

1042S 

10214 

10044 

CompoalUon of iolveiibAee ralltole a 

14616 

ind extrac 

10336 

ti from o 

10129 

■eh aettlei 

09783 

Kaffinaie 

Vol % lacoming R O 

’is 

*04 

991 

100 

Extract 

Vol % ineomins X.O 
<. Kt 

979 

5-4 

940 

84 1 
91-6 1 

28 

72 
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Hie oa Variable 

The effect of diange m quality of the oil feed stock has 
been previously discussed, but the object and results of 
treating vanous petroleum fractions may be better appre- 
ciated by the followmg illustrations 

Production of Aromatic Extracts of High Anti-knock 
Value from Gasolines. 

The relation between chemical constitution and anti- 
knock value for hydrocarbons of the gasoline boilmg range 
has been studied in considerable detail [12, 1932, 28 , 22. 


tion on a straight-run benzine of 9 5 % aromatics by volume 
(32 S% at 100° C and 18S° C end-pomt) are shown in 
Figs 33 and 34, which are self-explanatoiy Vanous alter- 
native methods of producmg fractions of high aromatic 
content from straight-run benzines and gasohnes by solvent 
refhung have been examined, such as 

(а) Direct treatment of the gasolme at low temperatures 

(б) Preliminaiy treatment at intermediate temperatures 
with subsequent re-extraction (coolmg) of the pri- 
mary extracts 

(c) Prehmmaiy solvent treatment of the gasohne alone 



Tic 33 Equihbtmni curves for straight-run benzine and hquid SO, 


1934], while the critical solution temperatures with anilme 
which have been determined for the same series of hydro- 
carbons [8, 1937] give some indication of the effect of 
solvent treatment of mixtures of these hydrocarbons A 
consideration of these results would indicate that of the 
high anti-knock hydrocarbons, the aromatics and naph- 
thenes would be preferentially removed m the solvent 
extract, but the isoparaffins, possessmg higher C S T values 
than the pure paraffins, would be lost m the low anU-knock 
raffinate 

For the production of extracts of high aromatic content 
and anti-knock value, considerably lower treatment t«n- 
peratuies are required than are generally employed for the 
solvent treatment of heavier petroleum fractions such as 
lubricating stocks Similar results may, of course, be ob- 
tamed with any selective solvent which is not unsuiUble 
on other ground, sudi as freezmg-pomt, boiling-pomt, or 
viscosity at low temperatuies, but the results of SO, extrac- 


with subsequent separate treatment of the extract 
phase by a paraffinic higher boiling fraction, i e addi- 
tion of a paraffimc lubricating oil 
(<0 By the use of extract reflux to the extract phase 
It IS seen from the curves m Fig 33 that the most 
aromatic extracts are produced by treatment at the lowest 
temperatures, and m this actual series of experiments the 
most aromatic extraa was produced by treatment with 
about 60% SO* at —70° F , giving an extract on benzme 
charge of 7% by volume, containing approximately 93% 
by volume of aromatics 

The effect of adding a paraffimc lubneatmg oil to a ben- 
zine extract is shown m Table XVII This results m a 
further separabon of paraffimc light material which is 
included with the bulk of the added lubncaUng oil m the 
new raffinate layer, the new extract layer contains, m addi- 
tion to a small amount of lubneatmg oil extract, benzine 
extract of considerably mcreased aromatic content In the 
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TAttE xvn 

Effect of adding Paraffinic Lubricating Oil to Primary Extract 


Charge 

Raffinate 

Extract 



actual experiment the aromatic content of the benzine refluxmg solvent-free extract to the extraction end of the 

extract mcreased from 37 to 71% by addition of the treating system This applies particularly to solvents which 

lubncating oil fracUon and chillmg the mixture to + 30“ F, give an equilibrium curve of marked convexity m the upper 

whereas to obtam a further separabon of raffinate from the portion of the tnangle (compare furfural and SO, equili- 

pnmary extract and a corresponding mcrease m aromatic brium curves) The following example [50] is illustrative 

Aromatic gasoline (I) with final boiling-pomt 
of 110° C and 15% aromatics by volume is ex- 
tracted at —20° C with two-thirds of its volume 
of furfural An extract layer (II) is obtamed 
from which an extract (111) is obtained by dis- 
tillmg off the furfural, containing 55 % aromatics 
and amounting to 14% of the original gasoline 
by volume If the extract layer (II) is washed 
with 75% by volume of the extract (III), two 
layers are agam formed, an upper raffinate layer 
(IV) containing 30% by volume of aromatics and 
the new extract layer (V) showing an increased 
aromaUc content of 75% by volume 

Treatment of Kerosmes and White Spirits. 

For the treatment of these products, liquid 
SO, IS an ideal solvent, on account of the greater 
ease with which it may be separated by distilla- 
tion from the hydrocarbon products, compared 
with other solvents The results of solvent treat- 
mentof white spint and kerosine cuts with hqmd 
SO, shows the same general relationships as the 
other petroleum fractions such as lubricating 
oils, spindle oil, light and heavy gas oils, and 
straight-run benzines It is interesting to observe, 
however, that in the caseof white spirit, kerosme, 
and, to a lesser extent, light gas oil the viscosity 
of the raffinates increases with the degree of 
refimng, while the viscosity of the extracts de- 
creases, and in this respect the lighter petroleum 
products behave m the reverse manner to the 
heavier disuUates 

Fig 35 illustrates the equihbnum curves for a 
white spirit cut from mixed base crude with 
Fio 34 Relauon between specific gravity and aromatic content for SO, raffinates ^*Q****i SO, at 0, 30, and 70° F (experimental 
and extracts from strai^t-run benzine results summarized m Table XVIII) 

Fig 36 gives the equilibrium curves for a 
content or specific gravity without the addition of the '''^de spirit cut (sq 0 7827) and kerosme cut (sq 0 8080) 

paraffime lubricatmg oil, this pnmary extract would have plotted m such a way that the results for stocks of mter- 

to be cooled down to about — 20°F, le about 50° F mediate gravities maybe estimated Thismethodofplotting 

lower operatmg temperature bas been found exceedmgly useful m companng results on 

This method of procedure is fully described m a patent stocks which only differ slightly m specific gravity 

application of the Burmah Oil Company and by patents „ . „ 

held by the Royal Dutch Shell Company of The Hague Solveat Extraction of Crude ResUnes containing 

(B P 444,104), and has the advantage of economies m Aqihaltic Constituents. 

rdfiigetation if highly aromatic extracts are required by the The action of the single-solvent processes on crude lesi- 

SO, or other low-temperature process. duums or on feed stodcs containing M phainr 

In certam cases appreciable improvement m aromaticity as unpunties is anomalous m that the axphaitn. material 
of the extiact may be obtained as previously desenbed Iqr present m the feed stock is not removed with the extract 
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but ranaios to a large extent in the raffinate layer Very 
little information has been published to date on this sub- 
ject, but Stratford [39, 1936] states with reference to the 
phenol process ‘ certain of these oils emulsified to a serious 
extent at the raffinate end of the treater The real 
reason for the emulsification, however, was found to be 
the entramment of asphalUc material with the distillate 
dunng the crude preliminary distillation’, indicating that 
the asphalUc constituents are not completely removed with 
the extract durmg phenol refinmg Again, apart from the 
Duo-Sol process, the nitrobenzene process appears to be 
the only solvent-reiimng process which claims to be able to 
produce good coloured rafiinates from asphaltic stocks 

If an asphalUc residue is extracted with any of the usual 
smgle solvents, it is found that, contrary to what might 
possibly be expected, the raffinate layer is generally black, 
while the extract layer is dark green in colour Moreover, 
the asphaltic consUtuents are found to be largely con- 
centrated in the raflSnate layers, suggesting either (a) that 
selective solvents exert a precipitating action on the 
asphaltic constituents with the precipitated asphalt remain- 
ing in the raffinate or oil phase (possibly due to interfaaal 
tension phenomena or preferential wetting of the asphalt 
by the oil), or (b) that certam asphaltic consUtuents are 
semi-paraffimc m nature and are selecUvely removed with 
the other paraffimc consUtuents of the stock according 
to the normal mechamsm of the solvent action 

The sigmficance of these observations has been studied 
by the present writer and shown to take place mdependently 
of the presence of wax by an examinaUon of various de- 
waxed and undewaxed asphaltic crude residues using the 
foUowmg solvents at various temperatures 

1 Liquid SOt 

2 Furfural 

3 Chlorex 

4 Nitrobenzene 

5 sec -Butyl alcohol 

6 rer-Butyl alcohol 

The results obtained mdicate clearly that although 
solvents may be classified generally as ‘precipitaUve’ 
or ‘extracUve’ as discussed in an earlier section, the 
‘exUactive solvents’ such as SO|, chlorex, and furfural also 
exert a defimte precipitaUng acUon on the asphalUc con- 
sUtuents of the feed stock, but the preapitated asphalt 
remains suspended in the rafiSnate layer or forms a third 
VISCOUS layer lying between the main rafiinate and extract 
layers The precipitaUng acUon of the various ‘extractive’ 
solvents on the asphalUc constituents of the feed stock, 
however, vanes with the solvent and appears to be negli- 
gible m the case of mtrobenzene For this reason the 
raffinates obtamed by the mtrobenzene process are low in 
asphalt content and therefore of better colour than the 
raffinates obtamed by the other ‘extractive’ solvent pro- 
cesses operaUng on certam feed stocks 

The separaUon of a viscous asphalUc layer withm the 
mam rafi^te layer may in most cases be readily demon- 
strated by centrifuging at the treatment temperature when 
a thud phase makes its appearance as a heavy black layer 
lying bMween the raffinate and extract phases proper 

The mechamsm of this ptecipitating acuon of the ex- 
tracUve solvents is difficult to understand, but it must be 
conduded that although the mam effect of these solvents 
IS ‘extracUve’, a ‘precipitative’ effect is also present The 
representation of this state of affairs on a Uiangukr graph 
has alreadybeen given for propane by P C Keith [20, 1934] 


The results of solvent treatment of an asphalUc residue 
feed stock may be indicated on triangular coordmates as 
m Fig 37 by sepaiatmg the extract phase and evaporaUng 
the solvent from the two layers, the asphalUc matter sus- 
pended m the raffinate layer bemg redissolved in the oil 
In the case of SO| treatments precipitaUon of asphalt is 
heavy and mcreases to a marked degree as the temperature 
falls during evaporaUon of the solvent In such cases the 
raflSnates and extracts, after complete removal of the SOt, 
may be redissolved in CSt to give a homogeneous soluUon 
which on distilling off the CS, leaves the asphalt m solution 
m the Dll, or as a stable suspension which shows no separa- 
tion on centrifuging 

Table XIX gives the results obtamed on a 30% crude 
residue of mixed base origm, and these results are plotted 
in Figs 37 and 38 It will be seen that secondary and 
tertiary butyl alcohols behave as ‘precipitaUve’ solvents 
similar to Iiqmd propane for which they could be used 
as a substitute m solvent refining They show sparmg 
solubility for the asphalUc constituents and produce raf- 
finates of relatively low asphalt content Settlmg rates are 
low, however, and centnfugmg appears to be essential, 
but, on the other hand, the high capital cost of pressure 
equipment and compressors required for the propane de- 
asphalting process is avoided The use of these solvents is 
described m E P 450, SI 1, but unless used m conjunction 
with other solvents in a similar maimer to the Duo-Sol 
process these solvents would not appear to be suitable for 
the manufacture of high V I raffinates, and yields m any 
case would be low 

As determined m the experimental work here quoted, 
‘Hard Asphalt’ is a measure of the extract produced by 
a ‘precipitative’ solvent (petroleum ether) under standard- 
ized conditions of oil solvent raUos and temperature, 
while ‘Soft Asphalt’ is a measure of the extract produced 
by an ‘extracUve’ solvent (acetone) under conditions which 
are not standardized as to oil solvent ratio. Neither the 
hard nor the soft asphalt contents can therefore be regarded 
as absolute measures of any parUcular type of petroleum 
constituents and must, from the nature of things, vary with 
the paraffinicity of the stock, particularly in the case of the 
soft asphalt content It is not to be expected, therefore, 
that the hard or soft asphalt contents on ‘products m’ for 
any experiment should equal the corresponding figures 
for ‘products out’, but a constant relationship between 
specific gravity, say, and hard asphalt content would be 
expected for the raffinates and extracts from a given feed 
stock if only two phases were formed The absence of any 
such general relaUonship which apphes for all the ‘ex- 
tractive’ type of solvents, e g SOt, chlorex, furfural, and 
nitrobenzene (see Fig 38), indicates that the precipitaUve 
effect IS a function of the solvent employed and not, as m 
the specific gravity-viscosity relaUonship, &c , obtamed for 
solvent extracUon of distillate stocks, a function of the oil 
stock alone mdependent of the solvent used 

It follows, therefore, that any asphalUc matter present 
m the feed stocks to the Edeleanu, furfural, phenol, or 
sunilar processes will result m the producUon of asphdUc 
raflSnates No advantage would appear to be gained by 
treatmg crude residues, and, therefore, every care should 
be taken in the primary disuUaUon process to avoid en- 
tramment of asphalt m the raw sto^ for solvent treat- 
ment Such raffinates would be difficult to refine to low 
colour by high-temperature clay treatment and would 
probably require a very light imUal acid treatment to 
coagulate the asphalt 
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Treatment of Blended Feed Stocks. 

The effect of treating a blended feed stock, e g naph- 


SO, treatment at 70“ F of the components of the blend 


tha lubncatmg base oil blend, may occasionally call for 
consideration Considerable experimental evidence exists 
indicating that the effect of applying a given solvent treat- 
ment (say 100 % solvent at 7S° F ) to a blended feed stock 
is the same as that obtained by treating the components 
of the blend separately under the same conditions with 


The results are plotted using a very wide scale for the base 
of the triangle, and ^ow the blend to be mteimediate, both 
as regards position of the equilibrium curve and slope of 
the tie lines, to the results for treatment of the separate 
constituents 

Table XX gives comparative data for the treatment of 
vanous stocks neat and in blend with other crude fractions 
using hquid SO| at vanous temperatures In certain pairs 



the same percentage of solvent at the same treatment tem- 
perature 

The treatment of blended feed stocks has been examined 
in a vanety of cases, and while absolute agreement is 
difiBcult to obtam owmg to the difficulty experienced m 
separating the components of the blend from the expcn- 
mental raffinates and extracts, the results agree within 
reasonable expenmental lumts with those to be expected 
The followmg blended feed stocks are illustrative 

(1) 70% 182“ C end-pomt straight-run benzme (sp gr 

0 727) 

30% lubncatmg oil base (sp gr 0 890) 

(2) 50% kerosine cut (sp gr 0 808) 

50% medium-heavy lub base (sp gr 0 956) 

(3) 90% white spint cut (sp gr 0 7827) 

10% SO* extract ex medium-heavy lub base (sp gr 
09845) 

(4) Waxy lubricating oil base (c 15“/<, wax) 

Fig 39 gives the equilibnum curves for case (2) above 
usmg hquid SOt at 70“ F. compared with the curves for 


of results the agreement is not good owing to the experi- 
mental difiBculties m separating the small amount of pro- 
duct by distillation, after solvent refinmg 
In considering the solvent refining of waxy or dewaxed 
lubncatmg oil stocks, it has been found that the presence 
of wax does not affect the solvent action, apart from mtro- 
ducmg mechamcal difficulties m separation if treatment 
temperatures fall below the wax crystallization pomt Waxy 
stocks may be treated as blended stocks composed of de- 
waxed oil plus wax, and if a certam treatment (say 100% 
of solvent at 140“ F ) is required to produce a given V I 
raffinate from a dewaxed stock, for example, then the waxy 
stock will require to be treated with the same perce ntag e 
solvent to produce an equal specific-gravity rafiinate of 
similar pour-pomt after dewaxing the waxy raffinate This 
IS clearly brought out m Fig 40, where the same lubricating 
oil distdlate has been treated with vanous solvents befoie 
and after dewaxing; the lafi^tes from the waxy stock 
being subsequently dewaxed to approximately the same 
pour-pomt as die raffinates from die dewaxed distillate. 
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Table XX 

SO* Treatment of Miscellaneous Stocks Neat and in Blend 


Feed 



Kerosme 

Lub base oil 

Kerosme 

Lub base oil 

White spirit cut 
(0 7827) 


Composition of feedstock I 
In blend 30 70 with lub ' 


' In blend 30 70 with lub 
I base 
I Neat 

1 In blend 30 70 with lub 


, In blend SO SO with lub 


I In blend with lub base 
I oil as above 
Neat 

' In blend with kerosme as 
above 
Neat 

In blend with lub oil ' 


Nea™* 


SOi treatment I Analysts of refined oils j Analysts of extracted oils 



1 Vol 1 

Sp gr 

1 Vise 

Aniline 

Refrac- 

' Sp gr 

Amline 

% aro- 1 

Kefrae- 

Temp , 



1 (Stokes) 


live 



maUcs 1 

Uve 

°F 


60“ F 

1 200° F 

*C 

Index 

i 

°C 

by vol 1 

index 

-10 

1 93S ! 





0 822 

-3 5 

61 

14650 

-10 

; 93 S ' 





0 822 

-10 ' 


14675 

-30 

1 713 ' 

0723 

i 

608 

14062 

1 0 841 

<-25 1 

74 i 

1-481 

-30 

I 713 ' 

0722 

1 

63 0 

14065 

0 841 

<-25 

74 

1 4795 

+ 30 

1 121 , 


1 



, 0 788 


40 1 

14460 

+ 30 

! 118 




1 

' 0 781 


‘ i 

14410 

70 

' 259 

1 0 794 


75 3 

1442 

1 0 835 

47 


1468 

70 

259 

1 0 796 


74 

14435 

i 0 838 

43 

i 

1471 

70 

; 259 

' 0 9236 

1 0259 



1 1 084 


1 


70 

I 259 

1 0 9264 

. 0 280 



! 1085 




70 

96 6 

1 0799 


712 

' 1446 



' 1 


70 

96 6 

0 799 


71 8 

14455 



i 


70 

966 

1 0 9353 

i 0290 







70 

1 96 6 

1 0 9385 

1 0 316 ' 





1 


70 

1 302 5 

1 0 7669 

' 00092 


! 1 4295 

; 0 7885 



14426 

70 

302 5 

, 0 7665 

1 00101 , 


, 14285 

0 7890 



1 4435 



Fio 40 Relation between specific gravity at 60* F of dewaxed raffinate and vol % 
solvent for batch treatment of waxy and dewaxed feed stocks 



1872 


SOLVENT-EJCTRACnON METHODS OF REFINING 


Hie Skdrent Refining of Waxy versos Dewaxed Base 

Stocks. 

In the manufacture of lubricating oils from waxy stocks 
there are, as before stated, possible economic advantages m 
placing ^e solvent-refining process before the dewaxmg 
process if low pour-point products are required, smce 
the average cost of solvent dewaxing per ton of input 
to the modem dewaxing processes is approximately double 
the cost of solvent refinmg per ton of feed 


The solvent refining of waxy stocks presents no pracUcal 
difiiculties if the treatment temperatures are si]^iently 
high to prevent the separation of crystaUine wax, and m 
general this temperature is not veiy difierent from the set 
pomt of the stock, i e about 100° F On the other hand, 
as has been shown, m the solvent r^nmg of mixed stocks 
the effect of treatment on the mixture is the same as the 
effect of treatmg each constituent of the mixture separately 
at the same temperature with the same percentage of 
solvent It follows, therefore, that those conditions which 
give maximum yield of raffinate will be the same whether 
the stock IS dewaxed before or after solvent refinmg 
(leaving out of account the factors affecting the dewaxing 
process) This mtroduces possible difficulUes m the case of 
solvents such as SO|, SOi-benzole, chlorex, &c , in which 
the extract end of the system must be cooled to tempna- 
tures of about 30° F. to 60° F in order to produce high- 
gravity extracts and good yields of refined oil 


The modified phenol process (with water uyection mto 
the extract) or the furfu^ process, for example, can both 
be applied to waxy as well as dewaxed feed stocks without 
difficulty, since these processes generally operate at tem- 
peratures above the set point of the waxy distillates ob- 
tamable from most erodes But in order to equal the yields 
obtainable with, say, the furfural process operaUng on waxy 
or dewaxed stocks at a minimum temperature of 130°F , 
It would be necessary for the final extract leavmg, say, an 
Edeleanu plant to be chilled to about 30° F to 60° F , 
and these conditions would hardly be suitable for 
the treatment of waxy distillate with a set pomt 
of about 1 1 5° F In this case the temperature of 
the feed oil and of the raffinate stages of the 
system would probably have to be operated at 
120“ F to 140° F 

The possibility of taking a pnmaiy extract 
from a treatment at 140° F , say, and chilling the 
primary extract phase to lower temperatures (say 
30° F ) does not appear to have been fully ex- 
plored The raffinates obtained are known to be 
definitely waxy, but with the amount of solvent 
associated with the phase it is possible that no 
great pracUcal difficulties would be experienced 
in pumping these materials 
The quality of the raffinates produced either 
by treatment of a dewaxed base stock or by 
treatment of a waxy stock with subsequent de- 
waxing of the waxy raffinate appears to be the 
same, and Fig 41 shows that the same specific 
gravity-viscosity mdex curves hold for raffinates 
produced directly from dewaxed feed stocks and 
for dewaxed rafi^ates produced from waxy feed 
stocks 

Production of High-quality Diesel Fuels 
The producUon of high anti-knock gasolines 
for spark-ignition petrol engmes has already been 
mdicated in discussing the production of high 
aromaUc extracts by low-temperature solvent 
treatment 

For the production of high-grade, high-speed 
Diesel fuels solvent extracUon is also likely to 
find extended application Woods [49, 1936] 
gives results for SO* batch treatment of two 
cracked Diesel fuels and states that ‘ solvent treat- 
mg a cracked Diesel fuel (produced by crackmg 
gas oil for naphtha production) offers a ready 
means of produemg a high-gradeDiesel mdexandlow pour- 
pomtDiesel fuel, but large treatmg losses are a drawback to 
this method ’ In comment it must be said that the method 
of solvent treatment employed by Woods was one known to 
be mefiScient m yields, and considerably higher yields could 
have been obtained by countercurrent operation with a. 
temperature gradient (i e low-temperature extract outlet) 
The effect of SO, treatment on a hght straight-nm dis- 
tillate gas oil is shown m Fig 43 and has already been 
discussed m the section on correlation of plant and labora- 
tory results above This work was, m fact, carried out for 
the production of a high-quality, high-sp^ Diesel fuel, 
and m Fig 42 the relation is plotted between specific 
gravity of the starting stock and of vanous rafiSnates and 
extracts obtained therefrom, and ‘cetene number’ on the 
Sunbury-Delft conelauon scale [1, 1936] 

Hie 3 ^d m this case was actually 65% (a corresponding 
treatment at 30° F. extract outlet tempmtutes inoeased 
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Fig 41 Sp gr -V I curves for raffinates and extracts from waxy and dewaxed 
feed stocks, and dewaxed waxy raffinates 
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TiCi 42 Relation between specific gravity at 60° F and cetenc number for raffinates and extracts 
from gas-oil feed stocks tested in the C F R Diesel and Gardner ‘L W ' engines 



Fig. 43. Bquilibriuin curve for light gai oil and SOa at 60° F showing tie hnes for actual plant stages 
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this yield to approximately 71 % by volume on charge) product was of very high quality and was m fact specially 

While It must be admitted that the actual plant treatment prepared for use as a high igmtion secondary standard for 

m this case was heavy (500% SOt by volume), the finished testing Diesel fuels generally 
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GENERAL FACTORS AFFECTING SOLVENT-EXTRACTION 
PROCESSES 

By S. W. FERRIS, B.aiein. 

Chef Chemist, The Atlantic Refining Company 


Distillation accomplishes the first separation of the 
extremely complex crude oil into fracUons contaimng 
fewer chemical constituents In the lowest boiling portions 
of the crude this process is capable of producing highly 
purified materials, such as propane or butane, but as the 
molecular weight of the distillate increases the chemical 
make-up of fractions even of extremely narrow boiling range 
rapidly becomes more complex In those fractions contain- 
ing lubricating oil, where the molecules contain upwards 
of 20 carbon atoms, the number of possible isomers is 
incalculably large and it is probable that the best distilla- 
tion cut obtainable would still contam scores of individual 
chemical compounds 

The role of selective solvents in petroleum refining is to 
brmg about a further separaUon of the compounds havmg 
much the same molecular weight and boihng-pomt and 
therefore being substantially inseparable by the process of 
distillation 

Character of Lubricating Oils 

It has been stated that the chemical composition of a 
lubricating oil distillate (or residual) is extremely complex 
Beyond this statement exact knowledge is lacking, and it is 
only possible to draw certam analogies between the known 
composition of petroleum fractions of low boiling range 
and the supposedly similar composition of those of hi|^ 
boilmg ranges On this basis it is to be presumed that 
lubricating oils are composed chiefly of hydrocarbons, of 
both chain and nng configurations The straight-chain 
paraffin hydrocarbons of high molecular weight are of high 
melting-pomt (i e waxes), and are usually removed from 
lubneatmg oil at some stage in the refining process It is 
probable, however, that the highly branched paraffins are 
hquid Cyclic compounds are also presumably present 
and since httle or nothing is actually known of their 
structure the cycles may contain almost any number of 
carbon atoms up to the total number present m the mole- 
cule and of course more than one cycle may be present in 
a single molecule. 

Smee cheimcal classification of lubricatmg oils is at 
present out of the question, it becomes necessary to classify 
them on the basis of physical propeities The two mdices 
most commonly used are viscosity-gravity constant [4, 
1928], and viscosity mdex [2, 1929] 

The former mdex is based upon the relationship between 
specific gravity at 60° F and Saybolt viscosity at either 
210° F. or 100° F. Paraffinic oils, exhibitmg a low specific 
gravity for a given viscosity, have low V G.C values, while 
naphthenic oils, with high specific gravities for a given 
viscosity, show a high V.G C Viscosity mdex, however, 
depends upon the rate with which viscosity changes with 
temperature and is usually detennmed from the viscosity 
at 210° F. and the viscosity at 100° F , although viscosibes 
at otiier temperatures may be us^. The numerical 
values m the two systems run m opposite directions, 
inasmuch as paraffinic oiis, changing r^tively slowly m 


viscosity with changing temperature, exhibit high VI 
values, whereas naphthenic oils, which change rapidly in 
viscosity with changing temperature, exhibit low VI 
values 

It is impossible to say which of these two mdices is the 
more accurate as an expression of paraffinicity or naph- 
thenicity. In one very important respect, however, the 
viscosity mdex is a more critical value than the viscosity 
gravity constant, inasmuch as the temperature-viscosity 
relationships of lubricatmg oils have a direct bearing upon 
then- behaviour m use Particularly with motor oils it is 
desirable that the lubricatmg oils have a sufificiently low 
viscosity at low temperatures to permit easy starting, yet 
It IS necessary, m order to avoid metal to metal contact, 
that the viscosity at high temperatures be reasonably high 
In expressing the results of solvent extraction, however, and 
especially m attemptmg to compare the relative effiaencies 
of several solvents, or to compare different procedures with 
the same solvent, it is much easier to express the quahty 
of the oil fracUons m terms of viscosity-gravity constant, 
because API gravity may be determined readily and 
accurately, and the effect of small errors m viscosity upon 
the viscosity-gravity constant is not large Viscosity mdex, 
on the other hand, demands extreme accuracy m viscosiues . 
errors of the order of 0 2 sec result m wide variations of 
viscosity index, particularly when the viscosity at 210° F. 
IS SO sec or less It is for this reason that most of this dis- 
cussion IS based upon viscosity gravity constant rather than 
viscosity mdex 

Qualitatively, the two mdices give the same results in 
companng the characteristics of lubricating oils, but close 
correlation is not found, and mdeed is scarcely to be 
anticipated m view of the different bases of companson 
Fig 1 mdicates the degree of comparability, usmg the ‘H’ 
and ‘L’ series of oils upon which Dean and Davis based 
the V I system, and the five senes of distillates which Hill 
and Coats used m the denvation of V G C The V I values 
are, however, accordmg to the modifieti Davis Lapeyrouse 
and Dean formula [1, 1932], which somewhat improved the 
values m the low viscosity ranges That the V I values are 
still erratic, however, when the viscosity at 210° F is below 
55 sec IS shown by the sohd symbols It has been the 
experience of the wnter that any conclusion based on V.I 
values mvolvmg viscosities in this range should, to put it 
mildly, be viewed with some suspicion 

Among naturally occurring oils Pennsylvama has long 
been a standard of the paraffinic type, whereas Gulf Coastal 
oils represent the naphthemc type Between these two 
extremes he the vast number of mixed base crudes 

Before the advent of commercial extraction plants, 
coastal lubneatmg oils were characterized by the adnuttedly 
unfortunate properties of low viscosity mdex (rapid change 
of viscosity with temperature) and relatively poor resistance 
to oxidation, and the excellent characteristic of very low 
carbon-forming tendencies 

Oils of the Pennsylvania type, on the other hand, were 
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of higli viscosity index and good stability, but were 
infenor to coastal type oils in the matter of carbon 
deposition 

Solvent r^ing, however, has made it possible to pro- 
duce, from substantially any lubricating stock, an oil com- 
bining the desirable characteristics of both types 
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Fio I Comparison of two indices of paraflinicity 

DefinitioD of Selective Solvents 

A veiy large number of organic compounds and a lesser 
number of morganic compounds may be used as selecUve 
solvents for lubricating oils Their ^ciencies, of course, 
vary over rather wide lunits 

Considermg all matenals which might be used as selective 
solvents they may be divided into the three following 
classes 

1 Compounds which form one homogeneous phase with 
oil 

2 Compounds which form two phases with oil but with 
substantially all the oil in one phase and none m the 
other 

3 Compounds which form two phases with oil with sub- 
stantial amounts of oil in each phase 

The last group may be used as selective solvents 

The matter of temperature m this coimexion is, however, 
an extremely important one For example, di-ethyl ether, 
carbon tetrachloride or carbon di-sulphide would fall mto 
the first class mentioned above at any ordinary temperature 
inasmuch as they are all completely imsable with oil, or m 
other words eadi has very high solvent power for oil It 
does not necessarily follow, however, that none of these 
materials would form two phases with oil if taken to some 
extremely low temperature Such temperatures are, for die 
time being, at any rate, not of particular mterest 


Similarly with the second class Water, methyl alcohol, 
or glycenne would be examples, inasmuch as when any of 
these compounds is mixed with oil very little of the oil 
dissolves m the solvent layer At some elevated tempera- 
ture oil would presumably dissolve and then the material 
might be acting as a selective solvent The third class, then, 
mcludes those compounds which at some reasonable 
temperature form two layers with oil ‘Reasonable 
temperature’ may of course be only roughly and arbitrarily 
defined, say between the temperatures of —20“ F and 
+400“ F 

A selective extraction, therefore, consists merely m 
mixing the selective solvent with the oil, providing intimate 
agitation (or heatmg and subsequently coolmg), and then 
allowing the mixture to stand at a suitable temperature 
m order that the two phases may form layers, which are 
then separated The layer contammg the major portion 
of the solvent, and usually consisting predominantly of 
solvent, is called the extract layer and contains dissolved 
m It the naphthenic portion of the oil The other layer, 
contammg the major portion of the oil m which some 
solvent IS dissolved, is known as the raffinate layer and 
the oil contained therein is the paraffinic oil 

To complete the extraction the solvent is removed from 
each of the layers, usually by distillation The two solvent- 
free fractions are then known as extract and raffinate, 
respectively 

History of Solvent Extraction 

At this point It might be well to refer briefly to the history 
of solvent extraction m the petroleum mdustry Some 25 
or 30 years ago kerosme was probably the most valuable 
single product of petroleum and, accordingly, the burning 
quality of kerosme was a matter of great importance 
Lazar Edelaneau found that if kerosme were brought mto 
contact with hquid sulphur dioxide two layers were formed, 
and that furthermore certam constituents of the kerosme 
were dissolved m the layer which was primarily hquid 
sulphur dioxide After the separation of the two layers and 
removal of sulphiu dioxide from each, the undissolved 
portion was found to bum much more satisfactdrily than 
the original kerosme would have burned The process was 
found to be economically feasible and a numter of com- 
mercial plants were installed This probably represents the 
first real application of solvent refinmg m the petroleum 
industry 

Subsi^uently, other solvents were applied to various 
petroleum fractions The purpose was to remove consti- 
tuents which occurred in small concentrations For 
example, gums or resms which were dissolved m gasolmes 
or lubneatmg oils were extracted to remove some small 
amount of materials m order that subsequent finishmg 
such as acid treatment or clay filtration would be rendered 
more satisfactory 

It was apparently a long while, however, before it began * 
to be realized that the extracts removed with various sol- 
vents were naphthenic m character, i e definitely more 
naphthenic than the ongmal lubricating stock Even after 
this wasclearly realized, it was sbllaconsiderable tune before 
It was discovered that fracuons of satisfactory lubneatmg 
properties could be recovered from Gulf Coast oils, and 
contranwise, that naphthemc fracUons could be recovered 
from Pennsylvama oils, leaving the Pennsylvama laflBnate 
more paraffinic than it was onginally 

One explanation for this relatively slow development of 
the use of selective solvents is that sulphur dioxide, the first 
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commercially used solvent, was scarcely capable, when used 
at low temperatures, of demonstrating the facts just set 
forth While it is perhaps the most selecuve of solvents, m 
that the fracuon separated from a stock is very much more 
naphthenic than the stock itself, it is definitely low in 
solvent power, i e having removed by means of sulphur 
dioxide a certain small fraction from the oil the remainder 
IS less soluble m sulphur dioxide, and only by the use of 
comparatively large amounts of this solvent at low tem- 
peratures can any considerable portion of a lubricating 
stock (unless the stock be very naphthenic in character) be 
removed Several of the other solvents, however, possess 
much higher solvent power at convenient working tem- 
peratures, 1 e It is possible to remove easily from a given 
stock almost any desired proportion Of course, it was 
only after the removal of a very large proportion of Gulf 
Coast stock that the remainder was found to exhibit the 
charactenstics of Pennsylvania lubricating oil 


Necessary Properties of a Commercial Solvent 

As developed above, almost any material which will form 
two layers with lubricating oils at some reasonable tempera- 
ture and which will dissolve a portion of the oil, leaving the 
remainder undissolved, can be considered to be a selective 
solvent, but only relatively few of these can be employed 
successfully for that purpose To be valuable commercially 
the solvent must be capable of producing the desired frac- 
tions from the lubricating stock at hand at a reasonable 
cost In general, the highest possible yield of the paraffinic 
product is desired, and the amount of solvent required 
should be a minimum The solvent then must fulfil the 
following reqmrements 

1 Stable chemically under any conditions encountered 
in any of the steps of the process, or m storage 

2 Capable of effecUng a sharp separation between 
paraffinic and naphthenic constituents 

3 Of sufficiently high solvent power that a given separa- 
tion may be effected with a reasonably small amount 
of solvent 

4 Easily and completely separable from the lubricating 
stock employed by a feasible method such as distil- 
lation 

Many otherwise interesting solvents must, of course, be 
elimmated from consideration on the basis of instability 
The solvents employed are usually many times as expensive 
as the oil , hence, if any reaction occurs between solvent and 
oil the cost of the solvent thus destroyed is prohibitively 
high Likewise if the boiling-point of the solvent be as high 
or nearly as high as that of some of the constituents in the 
lubricating oil, separation by distillation is manifestly im- 
possible There are, of course, other methods of separation 
such as crystallizauon or saltmg out by the addition of 
another solvent, but at present no such method seems to 
be commercially competitive with distillation 

Another requirement is that the cost of the solvent be 
reasonably low, but such statements must necessarily be 
qualified because m the first place if losses in process 
are kept at a very low figure, and they may be, the price 
of the solvent is more a matter of capital expenditure 
than operating cost Very high effiaency on the part 
of the solvents, therefore, may justify the use of an 
expensive solvent. Furthermore, the current cost of any 
given material must, unless it be low, be taken as only 
tentative, inasmuch as many hitherto costly matenab 
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have been manufactured very cheaply once a sizeable 
outlet has been found 

The solvents which will be discussed below are sub- 
stantially non-reactive and may be separated from lubricat- 
ing stocks by distillation The comparisons, therefore, will 
be prinapally upon the basis of items 2 and 3 above, which 
are closely inter-rclated It is obviously desirable to secure 
the maximum possible yields of the desired products from 
any lubricating stock which is processed, but the major 
cost of solvent extraction consists of the cost of distillation 
of solvents and the cost of the solvent lost Hence, it is of 
importance to effect the desired separation with as small 
a quantity of solvent as possible High yields can in some 
cases balance the cost of usmg a larger volume of solvent 
and, conversely, if a separation can be effected by the use 
of a small amount of solvent lower yields may well be 
tolerated Which of these two alternatives is to be chosen 
will rest largely upon whether or not there is an excess 
of the lubricating stocks available 

Quality as used above refers to the measure of paraffi- 
nicity such as V I or V G C , but, as will be developed 
more fully, there are certain differences in raffinates of the 
same paraffinicity obtamed from a given stock with differ- 
ent solvents One difference outstanding, which is an 
important matter to the refiner, is the concentraUon of 
colour bodies, inasmuch as the majority of oils which are 
solvent refined must meet colour specifications, and it is 
obviously desirable to remove as much colour in the solvent 
extraction as possible, in order that the finishing cost may 
be minimized 

The various methods of applymg solvents to lubncatmg 
stocks (batch, multiple batiffi, stage countercurrent or 
pseudo-countercurrent and continuous countercurrent) will 
be discussed more fully in the section which deals with 
theoretical considerations While all commercial mstalla- 
tions employ multiple stage countercurrent or continuous 
countercurrent, batch extractions are obviously easier to 
carry out m the laboratory, and for that reason much of 
the data presented below is for batch treatments The 
differences in results obtained by the various modes of 
apphcation are pointed out, but wherever conclusions are 
drawn from batch treatments, the same findings would 
result from countercurrent extractions 


Temperature of Miscibility 
Since two phases are necessary m solvent extraction, 
miscibility relationships are the first pomt to be considered. 
Fig 2 presents miscibility curves for a number of selective 
solvents with a given stock It is obviously necessary to 
carry out the extraction at temperatures below the misci- 
bility temperature for the mixture of stock and solvent 
whi^ IS bemg employed This temperature will, as shown 
on Fig 2, vary considerably for different solvents Thus, 
with this particular stock, pyndine with equal volumes of 
solvent and stock could not be employed above 42° F 
Cellosolve, however, could be used at 130° F and furfuryl 
alcohol would give a separauon at 300° F 
The miscibihty temperatures with a given solvent also 
vary with the charactenstics of the stock (Fig 3) With 
stocks of a given degree of paraffinicity the miscibihty 
temperature mcreases as the molecular weight mcreases 
With stocks of given molecular vraight, the miscibility 
temperature mcreases as the paraffiniaty mcreases, that is, 
as the value of the viscosity gravity constant decreases or 
the value of the viscosity mdex mcreases 
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Representation of Extraction Results 

As stated m a previous contribution, ternary diagrams 
contain substantially the whole story of solvent extraction 
They are therefore of very great value in analysing the per- 
formance of extracUons and particularly in predicting the 
results of multiple or countercurrent extraction when only 
batch data are available, or in estimating, without the 
necessity of actual expenment, the result of modifications 
in the extraction process, such as various types of recycling, 
the use of temperature gradients, and the like But for the 
very reason that they compress so much information into 
a small space, it is not easy to consider one factor at a time 
by the use of such diagrams For that reason the remainder 
of the discussion will be confined to consideration of 
simpler charts presenting fewer variables 

Factors Affecting Yield 

As already indicated, other factors may be more im- 
portant, when everything is reduced to the basis of a cost 
analysis, than yield But cost analyses are complicated 
affairs and yields are simple figures, so that, justly or un- 
justly, yields frequently come in for first consideration and 
on that basis they will be accorded first treatment here 

In Fig 4 the yield of raffinate is plotted against the vis- 
cosity gravity constant of raffinate using a number of sol- 
vents on the same stock Sulphur dioxide stands out as 
resulting in the highest yields But the downward trend of 
the curve at about 0 835 V G C indicates that more 
paraffinic matenal could be obtained only with great diffi- 
culty, if at all Sulphur dioxide is unquestionably highly 
selective in the removal of those compounds which it is 
capable of dissolving This may be due to a peculiarity of 
structure of sulphur dioxide or it may be largely attnbut- 
able to the fact that miscibility temperatures of sulphur 
dioxide and oil are usually high, or to the fact that it is 
employed at a relatively low temperature that is far below 
its miscibility temperature, which condition is favourable 
to maximum yields of raffinate of a given quality 

The yields obtained with five solvents, namely aniline, 
nitrobenzene, furfural, benzonitrile, and chlorex, are so 
nearly similar that all the points fall within the band indi- 
cated The selectivity of these solvents may be classed as 
good Phenol and cresylic acid, however, show relatively 
lower selectivity, as also does methyl acetate Normal propyl 
alcohol IS a definitely non-selective solvent, at least in so far 
as separation, as indicated by V G C , is concerned It 
should be noted that in Fig 4 each of the solvents is used 
at a temperature where the yields obtained are reasonably 
close to the maximum which the particular solvent will 
give It IS to be concluded, then, that a number of solvents 
have the power of effecting a sharp separation between 
naphthenic and paraffinic constituents Some, however, 
are defimtely non-selective 

The data presented in Fig 4 were obtained by batch 
extractions That is, each point represented the result of 
mixmg the stock oil with the solvent, separatmg the two 
layers and removing solvents from each There are a great 
many other methods of applying the solvents, but notice 
should be taken here of three They are 

(1) Multi|de extraction. The raffinate from a batch ex- 
traction is again treated with fresh solvent without remov- 
mg frmn the rafiSnate the solvent which it contains after 
the first extraction This procedure may be continued as 
many times as desired In other words, instead of applying 
all of the solvent at once it is applied in increments 
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(2) Batdi countercurrent Several extracting vessels are 
employed with separations bemg effected in each The 
raffinate and extract layers are transferred — ^in opposite 
directions — from one treater to another The result is that 
each batch of solvent is employed as many times as there 
are treaters in the system , initially upon the raffinate which 
has already been several times treated and is about to be 
removed, finally upon the fresh incoming stock 

(3) Continuous countercurrent Solvent and stock pass 
countercurrently through a tube or tower treater Settling 
chambers are provided at each end to allow the phases to 
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separate With a tube of any considerable length, this type 
of treatment may, theoretically, be considered to equiva- 
lent to a very large number of stages, inasmuch as the 
composition of both the extract phase and the raffinate 
phase at any point in the tower differs from the composition 
at any other point Actually, however, the number of batch 
countercurrent stages to which a continuous counter- 
current tower is equivalent depends upon much the same 
factors as those which govern the height of the equivalent 
theoretical place in a distillation fractionating tower That 
IS, the efficiency of a countercurrent solvent extraction 
tower will depend upon the degree of contact between the 
two phases 

Both multiple and batch countercurrent extraction pro- 
duce higher yields of a raffinate of a given quality from 
a given stock than does batch extraction at the same 
temperature with the same solvent This is demonstrated 
mFig 5. It will be noted that the differences become larger 
as the quality of the raffinate becomes higher Except in 
special cases, therefore, all commercial installations operate 
either on the batch countercurrent or the continuous 
countercurrent pnncipal. 




1880 SOLVENT-EXTRACTION METHODS OF REFINING 


The temperature of extracUon is a factor which may very 
readily be controlled, and therefore it is of first impor- 
tance to study the effect of variations of temperature 
Fig 6 presents several pairs of points obtained m batch 
extractions of the same stock used for Fig 4, where the 
batch extractions were earned out at different temperatures 
The two pomts are connected in each case by a Ime and the 
temperature of extracbon is indicated at each pomt The 
amount of solvent used in each of the extractions is mdi- 
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Flc 6 Eflcct of extracUon temperature on yield 

cated along the Ime It will be noted that raising the 
temperature of extraction veiy defimtely lowers the yield 
of a raffinate of given quality With a given volume of a 
given solvent, however, the quahty of the raffinate wluch 
will be obtained does not vary markedly 

Figure 7 presents a larger amount of data on each 
of two stocks, the lower set of curves being for batch ex- 
tracbon and the upper set for three-stage countercurrent 
extraction Agam, it is clear that the best yields of a 
given product are obtainable at lower temperatures of 
extracbon 

Summmg up the factors which affect yields 

1 The maximum yield obtainable is to some extent con- 
trolled by the chemical composibon of the solvent, 
but a number of solvents are sufiBciently selecbve to 
give satisfactorily high yields 

2. Stage countercurrent (or conbnuous countercurrent) 
extracbon will improve the yields obtainable with 
batch or mulbple extraction This is apphcable to 
any solvent. 

3. Yields of rafiSnate of a given quality vary with 
tonperature of extracbon, the high^ yields resulbng 
from low temperatures of exbaction. 


Amoants of Solvent Reqnired 
Any discussion of selecbve solvents is apt to conbun, oft 
repeated, the two words ‘selecbvity’ and ‘solvent power’, 
but unfortunately they are not always used with the same 
meamng The present author has no desire to correct the 
usages of others or to propose his own usage as the only 
correct one It is necessary, however, to digress long 
enough to make clear in exactly what manner the two words 
are employed herein 
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Flc 7 Effect of extraction temperature on yield 

A solvent which exhibits high selectivity is capable of 
efieebng a sharp separabon between the naphthenic and 
parafiSme consbtuents of the lubricatmg stock to which it 
IS apphed That, of course, means that the yield of a raffi- 
nate of a given quahty is high On that basis one may say 
that a given solvent is highly selecbve only if certain 
reservabons are kept in mmd For example, mtrobenzene 
and furfural are certamly highly selective solvents, if em- 
ployed at the proper temperatures At sufficiently high 
temperatures, however, the yields of rafiSnate of given 
quahty would suffer sufficiently that neither, at those 
temperatures, could be called highly selecbve On the other 
hand, isobutyl alcohol and propyl alcohol are capable of 
efifeebng but very httle separabon between the two classes 
of consbtuents at any temperature and therefore are un- 
quesbonably non-selecbve Every solvent has a maximum 
selecbvity for oib of a parbcularV.G.C range which vanes 
with the temperature of extracbon. A solvent of high 
selecbvity, then, is capable of efifeebng a good separabon at 
some temperature, a solvent of poor selecbvity is incapable 
of accomplishmg that at any temperature 

Solvent power, however, is the abih^ of a solvent to 
dissolve a relabvdy lai^e quanbty of oil regardkas of the 
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quality of the oil dissolved Benzene certamly possesses very 
high solvent powers for oils Whether or not it is selecbve 
IS beyond the point Glycerin possesses substantially no 
solvent power fbr oil Among those materials which may 
be used as selective solvents there is an extremely wide 
variation in this property of solvent power 
This IS illustrated by Fig 8, where the data used resulted 
from the same experiments as those of Fig 4, which showed 
that five solvents at different temperatures gave veiy similar 
yields of raffinate The amounts of solvent which it was 



necessary to employ to obtam these yields, however, varied 
over wide limits For example (Fig 8), to obtain 0 823 
V G C raffinate, nitrobenzene or benzonitnle required 
about 200% solvent (that is, two volumes solvent per 
volume stock) furfural and chloiex about 400%, and anilme 
SS0%. These figures, it will be recalled, are for batch 
extraction Phenol and cresyhc acid, which showed m 
Fig 4 relatively low selecuvity, exhibit, however, solvent 
power much better than furfural, chlorex, or anilme Sul- 
phur dioxide, which exhibited very high selectivity, is 
extremely low m solvent power masmuch as it required 
1,000% of sulphur dioxide to effect the same improvement 
m quahties which can be obtamed with about 100% of 
mtrobenzraie or benzonitnle at similar temperatures 
Reexamination of Fig 6 will show the effect of tempera- 
ture on solvent power when a given quahty stock is bemg 
treated For example, when 100% beruomtnle was apphed 
to 0 874 V G C. stock about 44% of material was removed 
m the extract (at 14° F.) Whm, however, the same amount 
ofbenzomtnle was apphed at 50° F.about58% ofmatenal 
was removed, but the quahty of the raflBnate was the same 
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m the two instances , therefore, while the solvent power was 
greater at the high temperature, the solvent power increased 
at the expense of selectivity This will be found true for 
the other solvents used on this stock and is shown on Fig 6 
Fig 9(sameextracbonsasthoseofFig 7) shows that for 
bateh extractions with nitrobenzene the quahty obtamed is 
but shghtly affected by the temperature of extracUon, For 
moderate unprovement in quality this is also true of 
countercurrent extraction, but for the production of raf- 
finates of high quality, mcrease m extraction temperature 



Fig 9 Effect of extraction temperature on amount of solvent 
required 


results m better quality It should be noted carefully, how- 
ever, that the matter of yields, that is, selectivity, does not 
enter mto Fig 9, and, as just pointed out, mcrease m 
solvent power, with a given type of extracUon, is usually 
at the expense of selectivity 

As would be anticipated, the application of a solvent m 
mulUple or countercurrent manner, rather than batch, 
allows an improvement m the solvent power This is 
illustrated for nitrobenzene in Fig 10, but the data 
would be similar for other solvents The percentage im- 
provement m solvent power which can be effected by using 
countercurrent extracUon instead of batch is much the same 
for all solvents That is, while the amount of anilme or 
sulphur dioxide required to produce a given quality would 
be reduced by countercurrent extracUon, neither the amime 
nor the sulphur dioxide countercurrent curves would 
approach the nitrobenzene curves of Fig 10 In other 
words, if Fig 8 were reconstructed on the basis of counter- 
current extracuons mstead of batch extracUons the result 
would be to lower all the curves but not to bring them 
together. 
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Summarizing 

1 Solvent power seems to be largely a function of the 
chemical nature of the solvent 

2 Solvent power may be mcreased by mcreasing the 
extracUon temperature, but only at the expense of 
selectivity 
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Flo 10 Eflect of type of extraction on amount of solvent required 

Solvent-Raffinate Ratio 

Broadly speakmg, the expense of solvent extraction may 
be split mto two items first, the loss in value of that portion 
of the lubricating stock which is extracted out as naph- 
thenic material and is probably used as fuel oil or cracking 
stock instead of lubricatmg oil, and secondly, the cost of 
the refngeration, steam, &c, involved in the heating, 
cooling, and handling of the solvent oil mixtures and m 
the redistillation of the solvent itself The item of distilla- 
tion of solvent is a very large one, therefore, other things 
being equal, the cost of a solvent extraction is very largely 
a matter of the amount of solvent employed 

The two factors of yield and amount of solvent involved 
can be very convemently expressed by the 'solvent- 
raffinate ratio’ which is merely the volumes of solvent 
employed divided by the volume of raffinate produced 
It expresses the gallons of solvent which it is necessary to 
cycle through the plant and redistill m order to produce 
one gallon of raffinate Fig 1 1 plots the solvent-raffinate 
ratio against the V G C of the raffinate for the same extrac- 
tions represented by Figs 4 and 8 The first thmg to be 
noted IS that once more five solvents fall rather closely 
together in a band, but they are not the same five solvents 
whidi fell together m Fig 4, wherein yield, representing 
selectivity, was plotted agamst V.G C Nitrobeozene and 


benzonitnle, inasmuch as they exhibited good selectivity 
and good solvent power as well, i e were capable of pro- 
ducmg high yields of raffinate when only relatively small 
amounts of solvent were used, fall together considerably 
below the band, being replaced by phenol and cresylic acid 
On a yield basis these two last-named solvents were some- 
what low, but their high solvent power places them, on 
the solvent-raffinate ratio basis, with those solvents which 
showed better selectivity but low solvent power, namely 
aniline, chlorex, and furfural It will be noted that the very 
low solvent power of sulphur dioxide has more than offset 
Its high selectivity 
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Fib 1 1 Solvent-raffinate rauo 

Inasmuch as countercurrent extraction results in better 
values both of selectivity and solvent power than does batch 
or muluple extraction, it is not surprising that low values of 
the solvent-raffinate ratio are encountered with counter- 
current extracUon as compared with batch (Fig 12) Once 
more, however, it should be pointed out that the pro- 
portionate change from batch to countercurrent is similar 
for all solvents In other words. Fig 11 on a counter- 
current basis would mdicate the same findings pointed out 
above, but all of the solvent-rafiinate raUo values would be 
decreased 

Figure 13 presents solvent-raffinate ratio values obtained 
at various temperatures, usmg the same data as that shown 
m Figs 7 and 9 The upper curve is for 3-stage counter- 
current extracUon, whde the lower curve is for batch 
extraction It will be noted that there seems little to choose 
between the various temperatures, that is, the gam m sol- 
voit power brought about by raismg the temperature has 
been substantially neutralized by the loss of selecUvity If 
one refers back to Fig 7, however, it will be noted that 
the yields suffered very badly at 80° F., for example, as com- 
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pared to 55" F , so that, even though the solvent-raffinate 


ratio was not markedly changed, one would seldom, if ever, 
operate on this stock at 80° F , but would choose some 
temperature probably not above 55° F 
It must be emphasized, however, that this independence 
of solvent raffinate ratio on temperature holds only for 
reasonable temperatures If extractions be earned out too 
close to the miscibility temperatures of the mixtures m- 
volved, then the selectivity, instead of being slowly de- 
creased, is well-nigh destroyed, yields of high-quality 
raffinate become very small or it becomes impossible to 
separate highly paraffinic fractions, and, naturally, the 
solvent-raffinate ratios approach infinity 



Fig 12 Effect of type of extraction on solvent-raffinate ratio 


It seems fair to say that selective solvents may be com- 
pared most accurately upon the basis of their respective 
solvent-raffinate ratios when produang raffinate of a given 
quality from a given stock with a given type of extraction 
Solvent-raffinate ratio is dependent upon both selectivity 
and solvent power It has bwn brought out that selectivity 
vanes with temperature, becoming better at low tempera- 
tures Solvent power may be varied by varying the tempera- 
ture, but selectivity is affected If such temperatures of 
operation be chosen for various solvents that the yields are 
reasonably high m each case, the amount of solvent then 
requued appears to depend largely upon the chemical 
composition of the solvent If, then, vanous solvents are 
used under such temperature conditions that the yields will 
be satisfactorily hig^, the amount of solvent used and, 
therefore, the value of the solvent-raffinate ratio, will 
depend very largely upon the chemical composition of the 
solvents, and cannot be varied to any considerable extent 
If the solvent-raffinate ratio is to be low, solvent power 



Fig 13 Effect of temperature on solvent-raffinate ratio 



Fig 14 Concentration of oil in extract layer when selecUvity 
IS high 
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turn of the phases u either impossible or veiy difficult. 
Fart of the difBculty, however, seems to he m the fact that 
a number of solvents, while perfectly capable of extract* 
mg the naphthenic constituents from clean distillates, 
arc markedly defiaent in solvent power when apphed 
to residual stocks This is illustrated by comparing Fig IS 
with Fig 8 For example, while 300% of sulphur dioxide 
was capable of reducing the viscosity-gravity constant of 
the distillate from 0 874 to 0 845, a similar amount applied 
to the residual stock (Fig 15) reduced the V G C only 
from 0870 to 0 862 Similarly, 300% of phenol on the 
distillate (Fig 8) yielded a raffinate of 0 826 V G C , but 
with the residual stock the raffinate was reduced only to 
0 839 Benzomtnle and mtrobenzene, solvents which ex- 
hibited high solvent power on the distillate, are capable, 
however, of effectmg considerably greater reductions in 
viscosity-gravity constant of the residual stock as seen m 
Fig 15 

Colour Removal 

If solvent extraction of lubricatmg stocks, with the resul- 
tant degradation in value of part of the stock, is to be any- 
thmg but a costly process for produemg high quality, it 
must do more than merely remove the naphthenic con- 
stituents The one apparent way in which solvent extrac- 
tion can, as it were, pay for itself, is to reduce the normal 
cost of finishmg stocks by removmg a large part of the 
colour bodies from the stock together with the naphthenic 
constituents In their ability to remove colour, solvents 
t^tscos/TY ePAY/TY co/YSTA/YT of ffAFFiNATE difler more strikingly than perhaps in any other respect 
Fio 15 Action of solvent* on residual stocks This is demonstrated by Fig 16, the stock bemg the same 

distillate employed for many of the experiments previously 
must be high, and selecuvity good It has been pointed out referred to It will be noted that mtrobenzene reduces the 
that solvent power may be mcreased by raismg the tempera- optical density colour [3, 1934] from about 300 to about 

ture of extraction, but that selectivity is cut down High 40, le to almut 13% of its onginal value Phenol and 

solvent power obviously connotes a high concentration of furfural reduce approximately to 30%, while sulphur 
oil in the extract layer, and a consideration of the informa- dioxide stops at about 60% Isobutyl alcohol and methyl 

tion presented above leads to the conclusion that, for acetate, on the other hand, have actually concentrated the 

each solvent (with a given type of 
extracUon) there is a fairly delimte 
upper limit of oil concentration in 
the extract layer above which selec- 
tivity IS poor This limit appears 
to depend upon the nature of the 
solvent Fig 14 shows the con- 
centration of oil in the extract layer 
for the five solvents which, m Fig 
4, showed substantially the same 
selectivity Agam, while these are ^ 
batch extractions, countercurrent s 
operation would merely increase k, 
all the concentrations to a roughly ^ 
proportional extent ^ 

Extraction of Residua] Stocks 
The comparisons thus far have Q 
been on the basis ol distillate stocks q 

This 18 partly because more data ^ 
were available, but largely because os 
It IS difiScult to apply many of the ^ 
solvents menuoned to residual 
stock. Sometimes this is because 
the specific gravity differential, be- 

t w eenthe nnH PYtr art Y/SCOS/TY <geAY/71Y COYYSTAfYr of CAFFt/YATE 

respeebvely, is so low that separa- Fio 16 Colour removal ftom distillate stocks. 
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Tie. 17 Colour removal from residual stocks ‘O D Colour’ — I 000 log(l/rj, where T is the 
optical transmission of a 1 mm layer of the oil for light ol 530 millimicrons wave-length Such 
colours are additive with respect to volumes and may be taken as proportional to the concentra- 
tion of ‘colouring matter 


colour in the rafiSoate If one is 
to place confidence in the ancient 
dictum that like dissolves hke, it 
would appear that the miuonty of 
colour bodies in petroleum pro- 
ducts are cychc m character, for 
It will be noted that the three 
materials wluch remove consider- 
able colour m Fig 19 are cyclic, 
whereas the two which do not re- 
move colour are of chain structure 
Extracting colour from residual 
stocks IS still more difficult as illus- 
trated m Fig 17 Nitrobenzene is 
still capable of reducing the colour 
to about 30% of its original value, 
and benzonitnle is nearly as good, 
but phenol is considerably poorer, 
while sulphur dioxide and methyl 
acetate are practically incapable of 
extracting colour 
In one respect it may be said 
that the colour of a raffinate is a 
matter of more concern to the 
refiner than the colour of an 
ordinary raw lubricating stock, in- 
asmuch as the cost of the raffinate 
has been increased by the solvent 
extraction which has been applied 
to It and, the more colour to be removed, the more of 
the costly raffinate is to be lost before the oil is finished 


Sulphur Removal 

Among other thmgs removed by selective solvents from 
lubricating oils are the sulphur compounds, and m this 



respect most solvents act similarly In fact, as Fig 18 
shows, if the V G C of the raffinates be plotted against 
their sulphur content, for a considerable number of sol vents 
applied to the same stock, the points fall in a band which is 
relatively narrow Perhaps tlus means that the sulphur 
compounds present m lubricating oils are of different 
structure from the colour bodies, smee they are removed 
by either cyclic or chain solvents If this line of reasonmg 
be pursued farther (which may well be too far'), the indica- 
tions are that the naphthenic constituents (1 e compounds 
of high V G C and low V I ) are not of cyclic character 
alone, but include molecules of cham configuration 

Effect of Extraction on Viscosity 
It IS somewhat surprising to find that so many diverse 
compounds act similarly in removing naphthenic consti- 
tuents from lubncatuig oils They do not, however, effect 
the reduction of naphthenicity in precisely the same manner 
This may be illustrated by Fig 19, where the viscosity of 
the raffinate, using a number of solvents, on the same 
distillate, are plotted against the V G C of the raffinate 
The open characters represent raffinates which were ob- 
tained by cyclic compounds, whereas the solid ones repre- 
sent raffinates obtained by non-cyclic solvents The 
tendency, apparently, is for cychc compounds to effect a 
greater n^lucbon in viscosity, for a given reduction in 
V G C , than that effected by non-cychc compounds 
This tendency is more strikingly shown in Fig 20, where 
the stock extracted was a residual stock In this case some 
of the cyclic compounds were able to reduce viscosity from 
278 to slightly over 140, whereas sulphur dioxide, cellosolve 
acetate, and methyl acetate scarcely affected it, m fact, in 
some cases the raffinate was more viscous than was the 
stock 

Effect of Wax in Skdvent Extraction 
The wax contamed in various lubneatmg stocks has veiy 
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dependent upon econonuc factors 
If dewaxing be accomplished after 
solvent extraction there is a smaller 
charge to the dewaxmg plant but, 
on the other hand, the amount of 
wax which has to be removed is 
substantially the same as if the stock 
were charg^ If the stock be de- 
waxed before solvent extracbon, 
the oil which is lost to the wax is 
of stock value, whereas if the raffi- 
nate be dewaxed, the oil lost to 
the wax, which is in general of the 
same amount as that which would 
be lost if the stock were dewaxed, 
IS now more costly than the stock 
inasmuch as the expense of solvent 
extraction has been added to it 

Effect of Variation in Stock 
Variations in the properties of 
stocks charged to solvent extraction 
plants result in variations in yield 
V/SCOS/Ty CO/^STAA/t e/' ^A^f/A/ATE which, qualitatively at any rate, are 

Fki 19 Effect of extraction on the viscosity of distillates precisely those which would be 

anUcipated It would be expected 

little effect on the operation of solvent extraction If the that a stock of 0 830 V G C would yield more material of 

wax concentration be excessively high, and if the extraction 0 810 V G C than would a stock of 0 860 V G C , and 

be carried out at low temperatures, the amount of solid this is the case This type of prediction is, however, only 

wax may be sufficient to introduce some mechanical diffi- approximate inasmuch as it cannot be assumed that the 

culty in the separation of the layers, but it appears to have chemical make-up of two stocks are identical merely 

little influence on the equihbrium between extract and because their boilmg ranges and V G C values are identical 

raffinate phases In any event, whether the extraction be The vast nmonty of stocks are, however, made up along 

earned out at such a temperature that the wax is liquid, or much the same lines A coastal stock contains constituents 

at such a temperature that the wax is for the most part varymg from extremely paraffime to extremely naphthenic, 

sohd, the wax is concentrated in the raffinate fraction with and the proportion of those materials present increases from 

the result that the pour-point of the raffinate is usually paraffinic to naphthemc, whereas a Pennsylvama stock, 

higher than that of the stock The wax must be removed while contammg much the same type of matenal, contains 

from the raffinate before the oil is, for most purposes, more paraffinic, intermediate quantities of semi-paraffinic, 

marketable, but this may be done by conventional and small quantities of naphthemc matenal There do occur, 

methods The operation of most of 
the well-known dewaxing processes 
seems to be little affected, if at all, 
by solvent extraction, although it is 
usually easier to dewax the refined 
oil than the onginal stock, par- 
ticularly m the case of residual 
stocks 

Dewaxing may, of course, be 
earned out before solvent extrac- 
tion, and if the predewaxing be 
suffiaently complete it is obvious 
that no subsequent dewaxing of the 
rafilnate is necessary In general, 
if a stock be dewaxed before solvent 
extraction to 0 or — 10 A S T M 
pour, there will be expenenced httle 
if any increase in pour in the raffi- 
nate If, on the other hand, pre- 
dewaxing be earned only to about 
30 pour, a nohceable rise m the 
pour of the raffinate is usually 
found 

Whether dewaxmg is to be ear- 
ned out before or after solvent y/scosiTY seAvtry coa/stant of PAEF/a/ate 

extraction is in the final analysis Fio 20 Effect of extrscUon on the viscouty of residual stocks 
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however, ‘trick’ stocks which give surprisingly high yields 
of paraffinic oils in view oftheir V G C Thesestocks appear 
to be made up of considerable quantities of paraffinic 
materials, together with considerable quantities of extremely 
naphthemc materials, resulting in a rather high V G C The 
constituents in a stock of this character, however, may be 
very readily and easily separated 

Mixed Solvents 

The discussion so far has been confined to extraction 
with single solvents It has been brought out that the num- 
ber of these is large, although their excellence is by no means 
the same It follows, therefore, that there are a large 
number of mixed solvents possible 

No effort will be made to cover the field of mixed solvents 
exhaustively Notice will be taken, however, of several 
types of mixed solvents, although it should be emphasized 
that the author does not insist that all mixed solvents can 
be embraced in the types which he discusses, nor indeed 
does he insist that his classifications are necessarily entirely 
accurate Since no data will be presented, the remarks must 
be taken solely as the opinion of the author, particularly 
if they seem in any respect to disagree with the statements 
of those particularly concerned with mixed solvent pro- 
cesses, upon which separate papers will be found 

Class I. Mixtures of Two Selective Solvents 

Materials which are themselves selective solvents may 
be mixed and used together provided there is no reaction 
between the solvents The results of such mixing (or at any 
rate most of the results) are in accord with what one would 
expect For example, if aniline be admixed with nitro- 
benzene, and the mixture used as a selective solvent, the 
normal extraction temperature will be raised to a point 
somewhere between that for nitrobenzene alone and that for 
aniline alone The amount of solvent required to effect a 
given separation will be more than that required with 
nitrobenzene alone but less than that required with anihne 
alone 

Class II. Mixtures of Selective and Non-selective 

Solvents. 

It was pointed out above that it is substantially im- 
possible to say that any given material cannot, under some 
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set of conditions, be used as a selective solvent One does 
not ordinarily thmk, however, of methyl alcohol as a 
selective solvent, inasmuch as it dissolves little or no 
lubricating oil, and, on the other hand, since benzene dis- 
solves all constituents of oil, one does not consider it a 
selective solvent Either one of these, however, may be 
used m combination with numerous materials which are 
selective solvents in the ordinary sense of the word, with 
reasonably good results For example, if a given selective 
solvent operates at an extremely low temperature and if 
It IS desired to raise that extraction temperature, that may 
be accomplished by using methyl alcohol in admixture with 
the selective solvent Again this is what one would expect, 
inasmuch as the miscibility temperature between oil and 
methyl alcohol is very high Similarly, or perhaps one 
should say contrariwise, benzene may be admixed with 
solvents of the character of SO, It has been brought out 
that SO, IS notably deficient in solvent power, and is m- 
capable of dissolving out those materials of intermediate 
V G C which It IS necessary to remove in order to leave 
a raffinate of high quaUty When benzene is mixed with 
SO,, solvent power is, as one would expect, increased, and 
extraction can, with this mixture, be carried far beyond the 
pomt where SO, alone at usual temperatures and pressures 
would go 

Class III. Selective Solvents plus Low-boiling ParaflSns. 

Extraction with most recognized selective solvents can 
be earned out in the presence of low-boiling paraffin hydro- 
carbons such as propane, butane, or low-boiling naphthas 
This combination process has been referred to as a double 
solvent in the sense that the selective solvent such as nitro- 
benzene or cresylic acid is considered a solvent for naph- 
thenic material, whereas the paraffinic material (propane, 
&c) IS considered as a solvent for paraffinic material 
Excellent yields of paraffinic material can be obtained by 
the use of this type of mixed solvent 

Colour removal from residual stocks is also excellent 
with this type of mixed solvent It would seem that the 
acUon of paraffinic constituents when used with selective 
solvents and applied to residual stocks is largely one of 
colour precipitation, inasmuch as the amounU used in 
admixture with a selective solvent are of the same order 
as those amounts required for direct colour precipitation, 
I e four volumes or more per volume of stock 
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REFINING KEROSINES BY EXTRACTION WITH LIQUID 
SULPHUR DIOXIDE— THE EDELEANU PROCESS 

By F C HALL, Ph J> , A.M. Inst. P T 
Department of Oil Engineering and Refining, University of Birmingham, England 


The process for the refining of kerosines and similar light 
distillates with liquid sulphur dioxide was introduced and 
developed by Dr Edeleanu, the basic principles being 
described m a paper to the International Petroleum Con- 
gress m 1907 [12] 

Investigating the reason for the poor burning qualities 
of Roumanian kerosine distillates he was able to attribute 
this to the relatively high proportion of aromauc (and 
unsaturated) hydrocarbons present Reduction in the 
aromatic content by sulphuric acid treatment necessitated 
excessive quantities of acid, very high refining losses, and 
the disposal of large amounts of acid tar Edeleanu found 
that, of a variety of solvents tried, liquid sulphur dioxide 
showed a remarkably high solvent action for aromatic and 
unsaturated hydrocarbons, while paraffins and napthenes 
were practically insoluble A process was therefore de- 
vised for the extraction of kerosme distillates with liquid 
sulphur dioxide [9, 1908-13] It was found to be successful 
as a refining process on a small scale in 1909 at the Vega 
refinery m Roumania, and was eventually extended to large- 
scale plant operation The first commercial plant was 
erected shortly afterwards, using a batch process Its suc- 
cess led to the gradual adoption of this process for the 
treatment of kerosine stocks from a variety of diiferent 
crudes, the aromatic content of which depreciated the 
value of the kerosme as an illuminating oil Continuous 
operation was first adopted m a commercial mstallation in 
1924, and in 1930, m illustration of the progress made, the 
Union Oil Company of Cahfornia put into operation an 
Edeleanu plant with a maximum throughput of 7,000 bbl 
per day of Cahforman kerosine distillate [23, 1930] 

The Edeleanu process for the selective solvent refinmg of 
light distillates has been successfully extended to the treat- 
ment of lubncating oil stocks, using m particular the double 
solvent sulphur dioxide-benzene, and was the forerunner 
of the multiplicity of solvent refining processes now m 
operation or under development 

General Considerations 

The selective solvent acbon of liqmd sulphur dioxide 
(commonly referred to as hquid SOi, or ‘SO|’) is entirely 
analogous to that of other selective solvents utilized m 
lubricating oil manufacture The relatively low solubility 
of high molecular weight hydrocarbons m liquid SOi 
necessitates the use of higher temperatures or the addiUon 
of benzole for treating heavy ftube oil) stocks The solvent 
power, high volatility (simplifying the recovery of solvent 
from the kerosme), high specific gravity, and low viscosity 
(facihtatmg phase separation) of liquid sulphur dioxide 
make it an ideal solvent for kerosme refinmg 

Addition of hquid sulphur dioxide to a normal kerosine 
stock leads to the separation of an SO|-extract phase 
(lower layer) when the concentration exceeds lft-lS% 
Further addiUon of SOi mcreases the volume of this phase, 
and with 100% of solvent present (hy volume) it will con- 
tarn 10-20% of extracted hydrocarbons and have a density 
of 1 3-1 4 The rafiinate phase (upper layer) under these 


conditions contains 10-15% SO| and has a density of 
approximately 0 9 Owing to the low solubility of the 
saturated hydrocarbons, the addition of a large excess of 
SO| would normally be necessary for complete solution of 
the kerosme stock 

Aromatic and unsaturated hydrocarbons are completely 
miscible with liquid sulphur dioxide at its boilmg-pomt 
(- 10° C ), under these condiUons saturated hydrocarbons 
(paraffins and naphthenes) are pracUcally insoluble [21, 
1918-23] However, the presence of the soluble aromatic 
or unsaturated hydrocarbons mcreases the solubility of the 
saturated hydrocarbons m the extract phase, the efiect 
being comparable with (he intentional addition of benzole, 
to increase the solubility, m treating heavy oils Light dis- 
tillates with more than 50% aromatics (e g Borneo spirits) 
are completely miscible with liquid SO, at its boilmg- 
pomt, although the solubility decreases at lower tempera- 
tures, and effective separation is m general restricted to 
distillates containing less than 30-35% aromatics With 
increasing temperature the solubility of hydrocarbons m 
liqmd sulphur dioxide increases, with a corresponding 
decrease m the selectivity of the solvent Some degree of 
separation between naphthenes and paraffin hydrocarbons 
IS obtained with liquid SO,, but Leslie concludes that its 
selectivity m this respect is mfenor to that of aniline and 
other solvents [18, 1934] 

The reason for the preferential solubility of aromatic and 
unsaturated hydrocarbons in liquid sulphur dioxide is not 
understood Locket, however, has shown that aromaUc 
hydrocarbons are associated m SO, solution, due probably 
to mduced dipoles m the solvent molecules, m contrast to 
the non-association of saturated (naphthene) hydrocarbons 
[19, 1932] 

The more or less pronounced segregation of aromatic 
and unsaturated hydrocarbons from the paraffins and 
naphthenes by extraction with SO, is evidenced by the 
lower specific gravity and refractive index, lower carbon/ 
hydrogen ratio and higher stability of the raffinate m com- 
parison with the extract 

Liquid sulphur dioxide has m addition a pronounced 
solvent action on sulphur and mtrogen containmg com- 
pounds m the crude oil, SO, extraction representing a most 
important desulphurizmg process for kerosines The effect 
of sulphur dioxide on sulphur reduction in kerosme distil- 
lates IS illustrated m Tables lU-lV The desulphurizmg 
action is particularly pronounced upon cychc sulphur 
compounds, such as the thiophens and thiophanes present 
m cracked naphthas [20, 1929] Nitro^n compounds are 
likewise removed, the work of Bailey, for example, on the 
nitrogen compounds of Cahforman distillates, being car- 
ried out upon the SO, extract obtamed from the treatment 
of CMfomian kerosmes [4] 

Treatment of Kerosine Stocks 

The selection of a r^mg process is naturally dependent 
on the type of stock availabie and the ultunate use of the 
product, m addition to economic considerations. SO, 
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extraction, removing as it does the aromatic, unsaturated, 
and sulphur contammg compounds, is parti^arly applic- 
able to kerosmes for wick-fed lamps, m which these con- 
stituents are generally undesnable In the case of highly 
paraffinic low sulphur crudes, such as Pennsylvanian, a 
conventional light acid treatment is adequate for the kero- 
sme distillate On the other hand, with crudes containing 
higher proportions of aromatic compounds, particularly 
of high sulphur content, the acid treatment required to 
give kerosmes of reasonable burning qualities, with the 
associated refining losses, is excessive The SOi process is 
particularly applicable m such cases, giving as it does a 
product of characteristics surpassing that from heavy acid 
refinmg The absence of acid sludge disposal problems, 
of heavy treating losses, and of troubles associated with 
over treatment, and the production, instead, of a clean 
by-product (Edeleanu extract) of definite value to the 
r^ner, are factors m favour of sulphur dioxide extraction 
as opposed to convenUonal acid treatment 
The treatment of kerosine stocks with liquid sulphur 
dioxide IS earned out at approximately — 10°C (14° F) 
using 50-100% by volume of SOi Heavier distillates, such 
as transformer oils, generally necessitate a higher tempera- 
ture of extraction and increased proportion of SO| 

The marked reduction in the tendency to smoke of a 
kerosine with decreasing proportion of aromatic constitu- 
ents IS illustrated by the following data, giving the smoke- 
point (IPT Senal Designation K 36) of mixtures of 
a parable kerosine with varying amounts of an aromatic 
SO, extract [15, 1927] 

Aromatic Paraffinic oil, I 

extract, % % | Smoke-pomt 

40 60 I 10 

30 I 70 ' 14 

20 , 80 I 20 

10 i 90 26 

0 100 I 32 

The general effect of extraction with sulphur dioxide on 
the physical properties of a typical kerosine, using 100% by 
volume of SO, at — 10° C (14° F ), is illustrated in Table I 
[6, 1930] 

Table I 


Table II 



which on the sulphur content is illustrated in Table III 
With mercaptan sulphur present, a final treatment with 
plumbite solution or hypochlorite is necessary to give a 
product of negative Doctor test The incomplete removal 
of mercaptan sulphur from a straight run Iraman kerosine 
by a 100% SO, treatment is shown by the data m Table IV 
[26, 1929] 

Table III 


Specific graiity 

Sulphur conten 



After SO* 
treatmem 

After SO, 
and final 

Kerosine Originol 

After SO. 
treatment 

Original 

H,SO. 

Mexico 0 774 

„ 0 807 

.. 0 818 

Texas 0 827 

Iran 0 795 

Shale oil 0 797 

0 763 

0 790 

0 793 

0 826 

0 781 

0 781 

0 25 

0 82 

1 14 

012 

0 14 

0 27 

0 07 

023 

014 

004 

0-08 

008 

001 

010 

003 

0-01 

0-06 

Table IV 



Original 





kerosine 

Raffinate 

Extract 

Sp wr SO’ F 


0 800 

0 7875 

0 870 

Mercaptan sulphur, % 

0 038 

0 027 

0 083 

Total sulphur, % 


0 22 

007 

0 76 


Treatmg Plant 


1 Original i 1 

_ I stock Raffinate | Extract 

Gravity, "API I 38 7 1 42 1 j 22 1 

Sp gr ! 0 831 I 0 815 I 0921 

Sulphur, % I 0 1 1 I 0 03 { 

Colour light brown I 24 Saybolt i dark brown 

Yield,% I 85 8 ( 14 2 

The distillation characteristics of the original kerosine 
were as follows IBP 436° F , 10% 462° F , 50% 504° F , 
90% 578° F , FBP 609° F 

Table II compares the burning qualities for kerosmes of 
vaiymg ongm after a 2% acid treatment and after extrac- 
Uon with sulphur dioxide, a normal Pennsylvaman kero- 
sine being included for purpose of comparison [11, 1932} 

Owmg to the partitionmg effect of the more soluble 
‘extract’ constituents between the raffinate oil and the 
liquid SO,, their complete removal by solvent extraction 
IS impossible For detrimental sulphur compounds, there- 
fore, a fimshmg tieatmoit is generally desirable which, in 
addition, further improves the burning quality and colour 
stabdify. A light acid wash is commonly used, the effect of 


The earliest commercial plants were designed on the 
batch system, comprising the distillate cooler, SO, cooler, 
mixer, raffinate, and extract evaporators, together with 
heat exchange and condensing equipment A counterilow 
mixing tower [1, 1926] was later designed, and incorporated 
m the first industnal plant for continuous operation m 
1924 Improvement in heat exchanger design and the use of 
multiple stage high-pressure evaporation for SO, recovery 
[3, 1926] considerably improved the overall efficiency of the 
process The early batch process utilized 600 lb of steam 
for treatmg 1,000 lb of kerosme distillate with 75% 
(volume) of sulphur dioxide The later continuous plants 
have a steam consumption of the order of 340 lb plus 
electric power consumption of 2 KWH , while the SO, loss 
per cycle has been considerably reduced 
A flow diagram of the contmuous process for distillates 
and light oils [1 1, 1932] is given m Fig 1 The raw kerosme 
distillate free flom water enters the vacuum tank for degasi- 
flcation and then passes through the distillate precooler to 
the distillate cooler The cold raffinate coming from the 
mixing tower passes through the precooler m counter- 
current flow to the warm stock. In ffie distillate cooler the 
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incoming stock is cooled to the final extraction temperature 
by evaporative cooling with liquid SO, 

The cold kerosme is pumped via a spreader into the lower 
section of the countedlow mixing tower where it is con- 
tacted with cold liquid sulphur dioxide The towers are 
usually about 30 A high by 3 A diameter, packed with 
contacting rings, and are fitted with visible level indica- 
tors The liquid SO, withdrawn from storage is passed 
through a precooler (m counter- 
flow to the cold extract) and a final } Heoerahon 
SO, cooler before entering the cL^Any) < 

upper section of the tower ! 

In the mixing tower the raw f1 Ihshllak- * 

kerosme distillate travels upward, 
the heavier SO, extract travelling [ j|| 

down The extract settling in the ’ m ' j 

tower is continuously withdrawn ( 

from the bottom by the extract | 
pump, the cold raflinate being j 
similarly withdrawn from the top i noHmot 

The cold extract, containing some- J mimate 

thmg like 13% of extracted hydro- [ r 1 

carbons, after passage through the j Kaffmote I Ij 

SO, cooler, proceeds to the extract i PreHedtr nn.r 

preheaters 1 and 2 and then to a , ||m |R 

4-stage evaporator at a pressure of ■* ” " ' i ^ ® M 

130 lb and temperature of 1 70° F '■ — " 

In the evaporator the pressure is 9(^inerie Am 

reduced to approximately 0 47 in 
of mercury in the final stage, 
practically complete recovery of ^ 

the SO, being secured The hot 
extract finally passes via the first t VmmIktTroa 
extract preheater to storage . /— n 

The cold raffinate from the “ C pry 

tower, containing 1 0-1 3 % of SO„ I ^ 

is similarly dealt with, as shown S(^ Ibcum njnp 

on the flow diagram, finally enter- ________ ^ 

mg a three-stage evaporator, for ^ 

recovery of the SO„ at a tempera- „ . . ^ 

tureofc 130° F ‘ Flow diagram of e 

The vaporized sulphur dioxide (Reproduced by perm^ 
from the evaporation stages is 
passed through a gas cooler to condense and separate 
light hydrocarbons, and through drying towers before 
compression 

Water Removal The absence of water in the system is 
important in minimizing corrosion In the presence of 
water, moreover, the sulphur dioxide is liable to oxidation 
to sulphuric acid, with increased corrosion and possible 
reaction with kerosme to form acid sludge Dry SO, may 
be regarded as chemically mert towards the hydrocarbons 
present in the kerosme under plant conditions Water in 
the entrant stock may be removed by passage through a 
rock salt packed tower, or by pretreatment with a small 
proporUon of SO, [2, 1926] The sulphur dioxide itself, 
while vaporized, is passed through drymg towers during 
a portion of the cycle Any water present tends to segregate 
in the extract phase and is removed with the SO, during 
evaporation The SO, from this may therefore be separ- 
ately treated (by drying or rectification from the sulphurous 
acid) for water removal [13, 1930-3] 

L«bmtory Plairt. Small-scale equipment for the labor- 
atory (batch) treatment of distillates with liquid sulphur 
dioxide was designed by Edeleanu and later modified by 
Hess The diagram given m Fig 2 is self-explanatory, the 


size of the equipment may vary, but the capacity of the 
mixing vessel is generally 2 litres A continuous counter- 
current Extraction apparatus for liquid SO, has been used 
by the U S Bureau of Standards Two designs have been 
described by Leslie [17, 1932], one in glass for use at low 
temperatures, with a capacity of approximately 0 3 htre of 
hydrocarbon fraction per hour, and another in metal for 
use at higher temperatures and pressures 


Hr Lrapannars uuraa Lvapon 


V 

Ke^mate Bacherge Pump 


CidraeiD^iorgePump ^ 


I[(^ ' 

tiJiilitCKrvreiwr 


UndSOt 


MMe - SOiGos -neOMtStlk UndS 

S^L/qutd Urad Ar 

Fic 1 Flow diagram of continuous process for the extraction of kerosme with sulphur dioxide 
(Reproduced by permission of L Edeleanu,'/ Ins! Petr Technologisti’, li, 9li (1932)) 


Economics. The economics and design of sulphur 
dioxide treating equipment has been discussed in some 
detail by Cattaneo [8, 1930] The use of multiple effect 
evaporation in reducing heat requirements is dependent on 
individual factors, particularly size of plant and SO,/kero- 
sine treating ratio For 30% (volume) treatment multiple 
stage evaporation is generally unnecessary, for 73% SO, 
treatment one high-pressure stage is sufficient, while for 
100% treatment and over at least two stages (triple effect) 
are required Multiple effect evaporation is thus of particu- 
lar importance in reducing heat requirements and operating 
costs for lubricating and transformer oil treating, where 
relauvely high volumes of SO, are necessary In later 
practice it is customary to use steam for compressor and 
vacuum pump operation and for heating the evaporation 
equipment, while the centrifugal pumps for crude stock, 
raffinate, extract and liquid SO, are electrically operated 

The loss of sulphur dioxide is of the order of 2-6 lb per 
ton of disullate treated (below 0 3% per cycle) and make 
up may be added through absorpUon of gaseous SO, by the 
mgomg raw distillate. 

Consumption figures and operating costs naturally vaiy 
according to the type of kerosme treated, product requirml. 
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and the size and location of the plant Brandt gives the 
following figures for a plant treating 3,800 bbl (SOO tons) 
per day of kerosine with 75% (volume) of sulphur dioxide 
[6, 1930] 

Electric power 7,120 K W H per day 

Steam (exhaust) 232,200 lb per day 

Water (recooled and reused) 70,000 gal per day 

Sulphur dioxide 2,300 lb per day 



SOzUquKi 

SOkfiw 

R^fmate 

fjOract 

Preiiura equalising lines or gas ouMel 

Fio 2 Laboratory apparatus for sulphur dioxide extraction 
{Reproduced by permission of L Edeleanu, V Inst Petr Tech- 
nologists', li, 903 (1932)) 

The operating costs for the same plant are given as 6 7 cents 
per barrel of distillate treated 

Utilization of Extract 

The extract from the sulphur dioxide extraction of 
kerosines contains a high proportion of aromatic hydro- 
carbons with varying quantities of unstable unsaturateds 
and sulphur and nitrogen containing compounds, depend- 
mg on the nature of the stock treated Brandt gives the 
properties of a typical extract from Califorman kerosine 
distillates as follows 

Viscosity at 100" F = 65 sec Saybolt Universal, flash-point 
•» 145“ F , gravity “ API = 24 5, sp gr — 0 907, distillation 
IBP 324“ F , 10% 390“ F , 50% 456" F , 90% 522“ F 
The extract may be used directly as Diesel fuel of low 
igmtion quality, or as cracking stock for production of 
aromatic high anti-knock gasohne (cf Bray [7]) Edeleanu 
has desenbed the higdi-temperature pyrolysis of an SOt 
extract (topped to 200° C ) to give 37 2% ‘tar’, 9 6% coke, 


and 33 2% gas The tar contained 22 4% of benzene- 
toluene-xylene fractions and 23 7% of high-boiUng liquid 
aromatics [10, 1923] Sulphur dioxide extracts arc also 
particularly amenable to hydrogenation cracking for the 
production of aromatic solvent naphthas (‘ hydro-solvents ’) 

The aromatic content of the extract can be utilized 
directly, although the impurities present (sulphur, nitrogen, 
and unsaturated derivatives) may necessitate particular 
attention to refining The lower boiling cut (below 225° C , 
435° F) will yield white spirits or solvent naphthas of 
normal specification characteristics, with markedly high 
solvent power The same cut may also be blended with 
gasoline for increasing the octane rating, so that the disposal 
of the extract for fuel or cracking stock is concerned only 
with the heavier residual fraction 

The use of Edeleanu extracts as the aromatic component 
in condensation reactions with chlorinated hydrocarbons, 
or with olefine gases, for the synthesis of lubricating oils, 
IS suggested in a number of patents by the German 1 G 
Farbenmdustrie [14, 1928-9] The extract, containing as it 
does the nitrogen compounds of the distillate, may be used 
as a source of these (through subsequent acid extraction) 
for the production of inhibitors (acid pickling) or msecti- 
cides 

Further Applications of the Sulphur Dioxide Process 

The application of the SO, process to heavier stocks 
(transformer and lube oils), involving the use of higher 
temperatures of treatment and the addition of benzene, is 
discussed elsewhere Applied to suitable gas oils, SO, 
treatment yields a Diesel fuel of exceptionally good ignition 
characteristics, the high ignition quality Reference Fuel, 
for example, specified under IPT Serial Designation 
F O 39 (t) (tenutive method of engine test for Diesel fuels) 
IS prepared by sulphur dioxide extraction of a straight run 
Iranian gas oil Woods has concluded that solvent treating 
of cracked gas oils (produced by cracking gas oil for 
naptha making) offers a ready means of producing Diesel 
fuel of high Diesel index and low pour-point, although the 
treating losses (as extract) are high [25, 1936] It was found 
that straight run stock did not respond so well to solvent 
treatmg as the cracked stock 

In the treatment of naphthas, the sulphur dioxide pro- 
cess has been used in the extraction of high antiknock 
blending fuels and aromatic solvent naphthas The higher 
solubility of naphthas in liquid SO, necessitates a lower 
temperature of extraction (0 to — 60° F ) than in the treat- 
ment of kerosine distillates, although a suitable tempera- 
ture gradient in the counterflow tower appreciably lowers 
the refrigeration requirements Alternatively by addition 
of a paraffinic heavy oil (a lubricating oil e g ) as a ‘diluent’, 
separation of a highly aromatic extract can be effected at 
higher temperatures [5, 1925] 

For the production of high anti-knock motor fuel blends, 
Edeleanu proposed to treat only the heavy ends (165- 
225° C ) of the naphtha cut The extract is reblended with 
the lighter straight run fraction while the raffinate is used 
as a narrow cut kerosine or as reforming stock The 
highly branched isoparaffin hydrocarbons, of good anti- 
knock properties, are not, of course, extracted by solvent 
treatment The extracUon of high octane number blendmg 
stock from Mid-Continent, Sumatra, and S Texas naph- 
thas by liquid sulphur dioxide is illustrated in Table V, 
from data recently presented by Saegebarth, Broggini, and 
Steffen [22, 1937] 

Sulphur dioxide extracted fractions of this character are 



1892 


SOLVENT-E5CTRACnON METHODS OF REFINING 
Table V 

Extraction of Straight-run Naphthas with Liquid Sulphur Dioxide 



of particular value as lacquer solvents, evidenced by the 
low aniline point and high kauri-butanol number Working 
on an E Texas heavy naphtha, Woods obtained a 16 1 % 
yield of extract, using 150% SO, at — lO^F The 275- 
365* F fraction of this had the following characteristics 
sp gr 0 855, colour 25 Saybolt, aniline point — 15°F, 
dimethyl sulphate value 95%, kauri-butanol value 73 [24, 
1936] The properties of two industrially available lacquer 
solvents produced through sulphur dioxide extraction of 
Califorman naphtha are summarized in Table VI [16, 1936] 


Table VI 


Product 'Solvsol 1 9-27 ‘ Soivsol 30-40' 

Sp gr . 15* C 0 792 0 844 

Initial boiling-point, ° F (°C) 190(88) 300(149) 

End-pomt. “F CC) i 270(132) 400(2045) 

Colour I water white -f 27 Saybolt 

Sulphur, % I trace 006 

Copper strip negative negative 

Aniline-point. * F (“ C) -1-43 (-1-6 1) ■\ 20 (-6 7) 

Kaun-butanol value j 64 0 68 0 
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SULPHUR DIOXIDE-BENZENE 
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Probably on account of the fact that California lubricating 
stocks as derived directly from the crude contain a very 
large proportion of unstable, undesirable material, the first 
commercial solvent-treating plant for lubricating oils was 
erected and operated in California With the lubricating 
stocks available carrying such a large proportion of the less 
desirable, and hence such a small proportion of the more 


ASPHALT 

Fic 1 Composition of typical long residua 

desirable types of hydrocarbons, the California refiner is 
faced with a greater problem than most other refiners when 
It becomes necessary to produce motor oils of the highest 
quality In recent years both technologists and motorists 
have become aware of the need for oils of greater stabihty 
in the crank-case and better viscosity-temperature charac- 
teristics, and consequently have shown a preference for oils 
of greater paraffiniaty as indicated by viscosity index (VI) 
or viscosity-gravity constant (V G C ) However, in even 
the most paraffinic crudes available in California, asphaltic 
or naphtheiuc base constituents predominate, and it is 
therefore not surprising that much of the earliest work on 
solvent refining was done in California and that the chain 
of progress along this line has been continuous with no 
indication that it will be terminated for some time to come 
In order to illustrate the problem confronting California 
refiners, Fig 1 shows the composition or make-up of typi- 
cal long residua contammg all the lubricatmg fractions 
luiving a viscosity greater than about 100 sec Saybolt 
Umversal at 100° F. The figure shows the composition of 


residua obtained from Pennsylvania, ‘wax-bearmg' Cali- 
fornia, and ‘wax-free’ California crudes, on the basis of 
viscosity index of the various lubricating components 
Strictly speaking, the use of viscosity-gravity constants is 
to be preferred m place of viscosity indices for designatmg 
the various fractions, but since the charts are intended to 
convey only a generalized picture which has been developed 
as the result of a large amount 
of experimental work, the use of 
viscosity indices is considered per- 
ISOVI. missible 

Three facts are immediately 
apparent from the charts namely, 
(1) that all the crude residua are 
composed of essentially the same 
classes of hydrocarbon compounds 
if we accept viscosity index as a 
criterion of composition, (2) that 
the distribution or proportion of 
the various classes of hydrocarbons 
IS widely different in the respective 
crudes, and (3) that in the elimina- 
tion of low V I material from left 
to right in the chart by means of 
selective solvents of increasing sol- 
vent power, the V I of the oil re- 
maining is the weighted average 
V I of the remaining lubricating 
components 

When the fractionation on a V I 
basis during solvent extraction is 
imperfect, which is always more 
or less the case in actual practice, 
some of the highest V I com- 
ponents are lost along with the 
undesirable low V I components, and it is then necessary 
to remove materials of higher minimum VI from the 
raffinate than would otherwise be necessary in order to 
obtain a raffinate of the required weighted average V I 
With crudes contammg small or only moderate amounts 
of components having better than, say, 100 V I , it is im- 
perative from the standpoint of economic yield to preserve 
as much as possible of the highest quality components 
In other words, with California stocks particularly, the 
fractionation or cutting m the V I scale of the components 
of the stock should be sharp, with a minimum overlap m 
composition between extracts and raffinate 
Directing attention agam to Fig 1, it will be seen that 
It IS readily possible to obtain a highly paraffinic oil averag- 
ing 90-100 V I from the wax-bearing California crude, 
but It IS practically impossible to produce such an oil 
from the ‘wax-free’ C^ifornia crude (The ‘wax-free’ 
California crudes in reahty contam a very small amount 
of wax as to be expected from theory, but the wax is 
often sufficiently hi(^ in boihng-point to be left in the 
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asphalt during the conventional distillation of such lubri- 
cating stocks ) 

For the California refiner to produce economically motor 
oils of highly paraffinic properties, it is therefore necessary 
to utilize the wax-beanng type of crude, of which there is 
an abundance in the Santa Spnngs, Kettleman Hills, 
Ventura, and Elwood fields The problem of removmg 
both asphalt and wax is therefore encountered As a solu- 
tion to this phase of the lubricating problem, the use of 
hqud propane as a refining agent was conceived and de- 
veloped [2, 1933-4] It IS interesting to point out that when 


METHODS OF REFINING 
per cent , but for ordinary viscosity grades of motor oil, 
gravity plots are both conveniently constructed and readily 
understood With Fig 2 m mind, it is easy to visualize the 
concept of a point of cuttmg or fractionation in order to 
produce a raf^te of specification quahty The higher the 
quahty specified for the raffinate, the higher must be the 
cutting-point on the API gravity scale 
It has been found desirable m our experience to difleren- 
tiate between ‘activity’ (or ‘effectiveness’) and ‘selectivity’ 
of the refining solvent The activity or effectiveness is con- 
sidered to refer to the indicated point of cutting in the 



Fig 2 Analytical solvent fractionation of dewaxed S A E 20 Santa Fd Springs distillate 


the lubricating stocks are produced entirely as overhead 
distillates for the sake of reducing carbon residue, and im- 
proving the efficiency of the solvent extraction as explained 
below, the SAE SO and heavier distillates contain 
materials insoluble in liquid propane, and are actually 
‘deasphalted’ on contact with liquid propane, with the 
precipitation of brownish, low API gravity material having 
a tarry or asphaltic consistency Consequently, m the fol- 
lowing discussion where reference is made to lubricating 
stocks from California wax-bearing crudes, it is to be 
assumed, unless otherwise stated, that the stocks in ques- 
tion have been propane deasphalted and dewaxed prior to 
treatment with selecbve solvente 
To illustrate more accurately the composition of a typical 
California stock from wax-bearing crude. Fig 2 is repro- 
duced from data obtained in careful analyUcal extractions 
of a dewaxed Santa F6 Spnngs distillate stock which pro- 
duces a S A E 20 grade motor oil [1, 193S] The API 
gravity of each cut is plotted against the midpoint of the 
volume pCTcentage of that cut to give a composiuon curve 
analogous to an ordinary Engler distillation curve Instead 
of gravity, any other physical or chemical property sudi as 
V T or V C C of eadi cut may be plotted against volume 


composition scale of the stock, whereas the selectivity refers 
to the degree of fractionation obtained with the solvent at 
the cutting-point In other words, effectiveness or activity 
of the solvent determmes where the solvent appears to cut, 
and selectivity denotes how well the solvent separates the 
matenals mto two groups on either side of the cutting- 
pomt Obviously, both the activity and selectivity factors 
of the solvent must be considered m planning an extraction 
procedure to produce specification oil from a given stock, 
and attention will therefore be given to the readily available 
means of controUmg activity and selectivity which have 
been found particularly useful with California stocks 

Control of Activity of Solvent. 

The prmcipal methods of controlhng the activity of a 
given solvent are (1) temperature, (2) use of a common 
solvent such as benzene, carbon tetrachloride, &c , and 
(3) the use of an antisolvent such as water, alcohol, &c 
By raising the temperature while using a constant volume 
solvent ratio, the solvent tends to cut higher and higher m 
the gravity scale, but the selectivity or sharpness of cuttmg 
on a V G.C or V I basis will be unpaired with mcrease in 
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temperature It should be pointed out, however, that m- 
creasing the volume ratio of solvent at a given temperature 
has been found by practical experience to raise the apparent 
cuttmg-pomt, with the result that it appears possible to 
remove selectively at any reasonable temperature all 
materials below any specified gravity by simply using a 
sufficient volume of solvent Furthermore, the fractiona- 
tion will generally be better and the yield of specification 
raffinate greater if the lower temperature and larger amount 
of solvent are used On the other hand, practical con- 
siderations usually preclude the use of inordinately large 
amounts of solvents at low temperatures, and a compromise 
must generally be reached between yield of raffinate and 
volume of solvent required 

Table 1 

Miscibility Temperatures for 50-50 Mixtures of 0 820 
Viscosity-Gravity Constant Raffinates and Sulphur 
Dioxide-Benzene 


Viscosils- 
at gravity 

Raffinate | 60° F eamtant 


yiscasity, ‘ 
Sav Umv,' 

2I0‘F \ 


Temperaturi of 
miscthilitv ° f 
for C,Hr— SO 
Ratio indicatid 
J0I90 I 2SI7S ' 40160 


No 1 ' 296 0820 45 i 1698 | 1360 i 1060 

No 2 I 274 I 0821 60 I ' 151 0 I 115 0 

No 3 25 1 I 0821 ; 130 199 0 | 122 5 


The same considerations hold true for the cases where 
solvent activity is increased by the addition of a common 
solvent such as benzol or an antisolvent such as water or 
alcohol Modification of sulphur dioxide with benzol [3, 
1933] constitutes an important example of this type of con- 
trol of solvent activity As to be expected, an equivalent 
relationship exists between adding a common solvent or 
antisolvent at a constant temperature, on the one hand, and 
raising the temperature, on the other The data in Table II 
illustrate this relationship for sulphur dioxide-benzene, in 
which case it is found that a change of 1% in benzene 
content of the solvent at a constant temperature is roughly 
equivalent to changing the temperature from 2 to 2 5“ F at 
a constant benzene content Obviously, any combination 
of temperature control and solvent modification can be 
employed 


Control of Selectivity of Soivent. 

As indicated above, one of the most important means of 
increasing selectivity or efficiency of fractionation at any 
required point of cutting m the gravity scale is the use of 
lower extraction temperatures and more solvent Since 
changing the temperature with the composition of the sol- 
vent remaining the same is roughly equivalent to mamtam- 
ing the temperature constant and varying the composition 
of the solvent, as by employing a smaller or greater pro- 
portion of the common solvent such as benzol, it is appa- 
rent that for a given extraction temperature, efficiency of 
fractionation can be improved by employing a sm^ler 
proporuon of common solvent, which in turn will neces- 
sitate a larger consumption of total solvent based on the 
stock being treated In other words, the underlying prm- 
ciple may be stated more generally by saying that selectivity 
and, hence, yield of raffinate of a given quality are im- 
proved by employing conditions which correspond to less 
activity for the solvent and which therefore necessitate the 
use of larger quantiues of solvent Obviously, with certain 
solvents such as phenol or mtrobenzene, solidification 
points of the solvents limit the use of low temperatures m 
the application of this principle, but with sulphur dioxide 
and mixtures of sulphur dioxide-benzene, a practically 
unlimited range of possibilities is available 

A further means of increasmg the efficiency of the frac- 
tionation by means of solvents, which is imusually valuable 
in the refining of California stocks from which oils of fairly 
good quality must be removed in order to produce speci- 
fication rafitoate, is the device of splitting the lubricatmg 
fractions of the crude into two or more cuts by distillation 
prior to solvent extraction The advantage of this pro- 
cedure over that of extracung a long residuum or combined 
lubricating distillate of wide boiling range was predicted 
by the writer on the theoretical basis that solubihty of 
hydrocarbons m a given solvent is a function of both hydro- 
carbon constitution and molecular weight Specifically, at 
a given temperature, a low V I . low API gravity compound 
of high molecular weight may have the same solubility m 
the solvent as a high V 1 , high API gravity compound of 
considerably lower molecular weight, with the result that 
if these two compounds are present in the same mixture, it 
will be impossible at that temperature to separate them by 
means of the solvent in question 



• Corresponding final raffinate tested 26 7' API , 85 sec viscosity at 210* F , 0 817 V G C , and 90 V I 
t This percentage is based on the dewaxed residuum Other percentages shown are based on the composite sample 
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Fig 3 represents idealized diagrams for two solvents of batch extractions were perfonned employing a definite 

greatly different selectivity, showing the effect of both treating schedule to determine the quality and yield of 

molecular weight and chemical constitution (represented raffinate obtained with a fixed volume of solvent (370 

by viscosity-gravity constant) on the temperature required vol %). and then applymg sufficient addiUonal solvent, if 

to obtain a defimte solubihty in the solvent If it is necessary, to produce a raffinate of approximately a pre- 
assumed that all components above about 0 840 viscosity- determined quality of 0 808 V G C The extractions were 

gravity constant must be removed as extract in order that begun in each case at a temperature approximately 50° F 

the remaming raffinate shall have a specified average below the miscibility temperature of the first dump of sol- 

viscosity-gravity constant, it will 
be apparent that upon providmg 
adequate treating conditions to re- 
move the highest molecular weight 
components of 0 840 viscosity- 
gravity constant, a substantial loss 
of low molecular weight compo- 
nents of acceptable and desirable 
charactensucs is experienced upon 
treating a wide boiling-range stock 
with Solvent A An improvement 
m this situation is experienced by 
employing Solvent B with which 
molecular weight is not so impor- 
tant a factor A greater improve- 
ment, however, is obtained by first 
splittmg the stock into two or more 
cuts of restricted molecular weight 
(boilmg-point) range, and then ap- 
plymg either solvent to each of the 
cuts separately 

That valuable high-grade com- 
ponents may be lost in the extract 
when treating a long residuum 
was definitely proved by treating 
with sulphur dioxide to give a 70 
VI rafiSnate and then re-trcating 
this raffinate with sulphur dioxide- 
benzene to raise its VI to 90 The 
sulphur dioxide-benzene extract was 
distilled with the results given in 
Table II, which show a marked con- 
centration of high-grade material in 
the low-boilmg fraction Similar 
distillations of extracts obtained 
with the same solvent treatment on 
relatively narrow boiling cuts from 
the same stock showed marked re- 
duction in loss of low molecular Fk. 3 Idealized solubility curves illustrating miscibility as a function of molecular 

weight highly paraffinic material in w«*ht and parafhmcity 

the extracts 

In this connexion it should be stated that when the vent and the stock Further deUils of the treatments and 

selective solvent extraction is carried out m the presence the results obtained are shown in Table III 

of propane, the effect of the propane is to retard the solu- It is apparent from the data m Table III that of the 
tion of the highest V I components in the selective solvent solvents shown, chloroaniline, phenol, and a mixture of 

while permitting the extraction to be earned out under phenol and cresol are the most selecuvc, as indicated by 

conditions sufficiently severe to accomplish the removal of high yields, and are also the most effective, as shown by the 

the hiEb***^ molecular weight components of low quahty small amounts of solvent requued to obtain a given quality 

In effect, then, propane gives the benefits of steeper slopes Chlorex, furfuraldehyde, and croton aldehyde all require 

and/or greater distances apart for the curves shown in larger amounts of solvents and give lower yields of a given 

Fig 3, and makes it possible to obtam efficient solvent quahty oil under the conditions tested Sulphur dioxide, 

fracti o nation of even a wide boiling-range oil followed by sulphur dioxide-benzene, obviously makes the 

poorest showmg of the solvents recorded, but on account 
Comparison of various Solvents on Representative of jow solvent cost per pound, ease of recovery, flexi- 

Caiifomia Stocks. bihty , and previous refinery experience with sulphur dioxide. 

To fac ilit ate the choice of solvents for use m refining the sulphur dioxide-benzene combination is successfully 

Cahfonua stocks, stnctly comparable extraction expen- canidoyed on a commercial scale m the only refinery in 

ments are desirable In a series of expenments, mulUple- California operabng on stocks from wax-bearmg crude, 
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Table III 


Extraction of S A E 30 Dewaxed Santa Fi Springs Distillate with « <s Selective Solvents 
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namely, that of the Union Oil Company at Oleum, Cali- 
fonua 

Before proceeding with the detailed discussion of the use 
of sulphur dioxide and sulphur dioxide-benzene m Cah- 
fomia. It is well to point out clearly (1) that with any of 
the solvents shown in Table III it is probably possible to 
approach the same ultimate yield of specification oil as 
defined by the composition of the stock, provided a suffi- 
cient volume raUo of solvent can be used at an appropriate 
temperature, and (2) that the data in Table HI are of value 
mainly in rating the various solvents in the order of the 
amounts of solvents required for a given yield of specifica- 
tion oil For every solvent there can be deternuned a yield 
versus solvent ratio curve for countercurrent treatment in 
a tower or with an adequate number of stages, and it is 
reasonable that the multiple-batch data given in Table HI 
indicate which of the different solvents will necessitate use 
in larger volume ratios to give the same yield of specifica- 
tion oil Thus It IS apparent that sulphur dioxide and 
sulphur dioxide-benzene will be required in probably the 
largest amounts of any of the solvents listed, but with 
sufficiently large amounts of sulphur dioxide and sulphur 
dioxidc-bmzene the results from the standpoint of yield 
for a given VI or V G C arc satisfactory The foregoing 
generalizations are more strictly true on distillate than on 
residual stocks 

Commercial Solvent Treatment of Stocks from Cali- 

fomm Wax-free Crudes. 

The first commercial scale solvent-treating plant for 
lubncating oils was put into operation at Avon, California, 
by the Associated Oil Company in 1927-8 for the treatment 
of low cold-test distillates [4, 1935] Similar plants were 
subsequently placed into operation by the Shell Oil Com- 
pany at Martinez, California, and the Union Oil Company 
at Oleum, California The Standard Oil Company of Cali- 
fornia also has operated an Edeleanu plant, but only for 


the production of oils for speaal uses These plants employ 
liquid sulphur dioxide and, as origmally constructed and 
operated, represented an extension of the Edeleanu process 
for treating kerosme to the treatment of lubricating oils 
The temperatures employed originally required refrigera- 
tion, although the temperatures were not as low as those 
used in kerosme treatment 

If the distillate stocks are contaminated with asphaltic 
entrainment or undergo deterioration m storage before 
treatment, it is desirable to give the stocks a light acid treat- 
ment of about 15 lb of 98% acid per barrel, followed by 
wet neutralization and dehydration by blowmg This pre- 
liminary acid treatment of dirty stocks facilitates the sol- 
vent treatment by eliminating emulsion difficulties and 
enables the operators to establish mtcrfaces in the treaters 
After treatment the oils may be redistilled under vacuum 
or may be finished by clay treatment 

In refinmg lubricating stocks from California low cold- 
test crudes, it is not considered economical to cut in the 
API gravity scale at a point higher than about 14“ API 
at 60“ F This gives a raffinate of about 0 862 V G C 
(approximately 22 5“ API on an S A E 30 oil) and 25 V I 
from a San Joaquin Valley distillate having a V G C of 
0 910andaVI of —35 before treatment In attempting to 
refine to a materially lower V G C , by cuttmg at a higher 
point in the API gravity scale, the loss of stock is probably 
out of proportion from an economic standpoint to the 
additional improvement in quality obtained 

Table IV gives the data for typical refinery treatments 
of San Joaquui Valley distillates Approximately 250-300 
vol % of sulphur dioxide is employed on each grade of 
stock The yields of raffinate and extract are about 65 % 
and 35%, respectively, on the average The extracts are 
very viscous, have gravities of 7-10“ API , and are usually 
utilized as fuel 

Fmishcd motor oils of this type are distinctly superior to 
acid-treatcd oils produced from the same stock, apparently 


Table IV 

Sulphur Dioxide Extraction of Lubricating Distillates from California Low Cold-test Crude 
Lubricating Distillates 


I I I yisiosily, Sa} Vim , , 

Crar , ” API I Floih, Fire, Pour point. Sulphur, ' Carbon I VC C {vise 

at 60" F I COC,°F \ C OC °F " F ' % I residue % I 100° F \ 210° F VI at 210' F) 


184 I 350 I 400 flowsBtO , 077 | 0 05 217 43 -10 0 907 

153 430 480 10(vis) . 080 j 0 33 2,449 84 1-55 0 909 

14 6 ' 475 1 525 20 (vis) ' 0 80 0 53 12,000 179 | 65 0 902 


Raffinates, vacuum re-run and blended to various S A F Grades 


S A E grade 
Gravity °API at 60“ F 
Colour N P A 
Conradson carbon residue, 

Pour-point, " F 
Flash, C O C , “ F 
Fire, C O C , ° F 
Acid no , mg KOH g 
Sulphur, % by weight 
OxidaUon stability 
Indiana, hr Tor 10 mg 
Indiana, hr for 100 mg 
Sligh no 

Viscosity, Saybolt Universal 
sec at 100“ F 
sec at 210“ F 
Viscosity index 

Viscosity-gravity constant (vise at 210' F ) 


23 5 
3i 
002 
-15 
365 
415 
003 
0 37 

15 

50 

15 

262 

460 

35 

0 861 


! 


20 30 40 , 50 

22 5 22 0 21 4 21 0 

4 4* I 5 5* 

0 04 0 06 011 I 018- 

-15 - 15 1-5 1-3 

390 400 I 420 I 435 

440 460 I 485 500 

004 0 04 I 004 005 

044 048 j 0 50 | 0 53 

20 22 I 20 ' 25 

55 35 1 51 35 

10 8 I 6 6 

453 670 I 1,210 1,976 

52 5 59 0 73 0 91 5 

25 21 I 18 19 

0 862 0 862 I 0 862 0 860 
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on account of the more complete removal of the low- 
gravity components As to be expected, however, the 
stabihty of the Edeleanu-treated low cold-test distillates is 
inferior to that of higher API gravity oils when the latter 
oils are refined to a point of equal freedom from low- 
gravity components 

The use of sulphur dioxide modified with benzene to give 
increased activity of the solvent docs not appear to be 
justified in the refining of stocks from California ‘wax-free’ 
crudes, on account of the fact that further improvements 
in V I and V G C over what can be obtained readily with 
sulphur dioxide only are accompanied by a large sacrifice 
in yields Recently, however, the use of higher tempera- 
tures, not requiring refrigeration, has been practised with 
sulphur dioxide alone with only a few per cent loss of 
yield 

Considerable attention has been given to the use of 
phenol m refining lubricating distillates from low cold-test 
crudes A commercial plant has been erected and operated 
at Richmond, California, by the Standard Oil Company 
of Cahforma employing phenol for the treatment of non- 
waxy distillates Details of the operations have not been 
published, but, from the specifications of the oils marketed, 
the extraction is controlled to give oils of approximately 
the same quality as those produced in the other refincnes 
operating m California with sulphur dioxide on the same 
type of stocks Typical inspection tests on phenol-treated 
oils of this type are shown in Table V 


Table V 


Phenol-treated Motor Oils from Low Cold-test Distillates 


S A E grade 
Gravity, ° API at 60” F 
Colour, N P A 
Conradson carbon residue, 

Poui-pomt, “ F 
Ua8h,COC,“F 
Fire, C O C . ■> F 
Acid no, mg KOH/g 
Oxidation stability 
Indiana, hr for 10 mg 
Indiana, hr for 100 mg 
Shgh no 

Viscosity, Saybolt Universal 
sec at 100“ F 
sec at 210“ F 
Viscosity index 

Viscosity-gravity constant (vise at 210“ F) 


to 40 

22 6 21 8 

tt 

009 014 

-15 -15 

405 425 

445 485 

003 003 


579 901 

57 66 

32 22 

0 859 0 861 


Commercial Solvent Treatment of Stocks from Wax- 

bearing Crudes. 

As seen from Fig 1, m order to produce oils competitive 
with the best Pennsylvama oils it is necessary to utilize 
stocks from the wax-bearing crudes With the aim of pro- 
ducing the highest type lubncatmg oils from Cahfomia 
crudes, the Union Oil Company constructed, in 1933-4, a 
propane deasphalting and dewaxmg plant at Oleum, C^- 
fomia, and made the necessary changes in its older Ede- 
leanu plant to permit the use of benzol m the refining of 
the deasphalted and dewaxed stocks with sulphur dioxide 
The existence of a sulphur dioxide plant for refinmg of 
motor-oil stocks from non-waxy crudes was a factor m 
choosmg the sulphur dioxide-benzene method of refinmg 
for use on the propane deasphalted and dewaxed stocks 

For the twofold purpose of reducing the carbon-forming 
tmden^ of the finished motor oils to a minimum and 
obtaining greater dIBciency m the solvent extraction of the 
lubricating stocks, all grades of motor oil are produced as 


distillate oils This production of narrow-cut distillate oils 
entails a sacrifice of 5-15 pomts in V I for a given visco- 
sity and gravity, but gives the advantage of low carbon 
formation In the Pacific coast area, at least, a few points 
in V I have little practical unportance, but carbon forma- 
tion is of major importance because of its effect on the 
anti-knock requirement of the fuel 

The practice followed at Oleum is to distil selected Santa 
Fe Springs residuum under high vacuum with added steam 
to obtam normally three side cuts which are designated by 
the S A E grade which they will produce when refined to 
approximately 0 808 V G C or 90-95 V I , namely, S A E 
20, S A E 50, and S A E 70 As necessary, the controls 
on the column are changed to produce S A E 10 stock 
Each of these cuts is then separately propane extracted and 
dewaxed Upon mixmg with propane, the S A E 10 and 20 
stocks precipitate little or no resinous material On the 
other hand, the S A E 50 distillate precipitates about 2- 
5% of resinous, pseudo-asphaltic material when dissolved 
m propane, and the SAE 70 stock gives 20-30% of 
propane msolubles, depending on the viscosity of the stock 
The dewaxing is accomplished by internal refrigeration by 
evaporation of propane and filtering at — 45°F in 2 
vol of propane After dewaxing, the respective stocks are 
processed separately through the sulphur dioxide-bcnzcne 
extracUon plant 

The procedure in the sulphur dioxide-benzene operations 
IS to give the stock two different and distinct extractions 
first, with sulphur dioxide only to produce an intermediate 
raffinate of about 0 830 V G C and 70-75 V I , and second, 
with 80-20 sulphur dioxide-benzene to give a raffinate 
of about 0 808 V G C and 90-95 V I The extract from 
the first extractions with sulphur dioxide only is a heavy 
tar of 7-9 5° API , while the extract from the second 
extraction with sulphur dioxide-benzene has a V G C of 
about 0 855-0 865 and a VI of 30-45, dependmg on 
the S A E grade of the stock Treatment with sulphur 
dioxide-benzene throughout in one operation gives closely 
the same results from pilot plant and laboratory tests, but 
has the disadvantage of losing the intermediate grade 
extract oil along with the lowest grade extract It should 
be pomted out, however, that as produced commercially, 
the mtermediate grade extract oil has a wide range of com- 
position, due to deficiencies in the solvent fractionation, 
and that as the effiaency of the fractionation is improved 
to give higher yields of first-grade oil, the yield of mter- 
mediate grade extract becomes very small and of poorer 
quality 

The temperature employed m the first-stage treatment, 
usmg sulphur dioxide only, ranges from 110-14S'’F, 
depending on the molecular weight of the stock On 
account of the fact that over the lower range of API 
gravities sulphur dioxide is very selective, only four treaters 
consistmg of mixers and settlers are employed m the first 
extraction Likewise, it appears logical to carry the refinmg 
as far as practical with pure sulphur dioxide until further 
mcrease in temperature causes too great a loss m selectivity 
The solvent-feed stock ratio by volume in this phase of 
the treatment is approximately 2 50 

The temperatures employed in the second-stage treat- 
ment, using 80-20 sulphur dioxide-benzene, are somewhat 
lower than those m the first-stage treaters, but are also 
regulated m accordance with the molecular weight of the 
stock. Due to the poorer selectivity of the sulphur dioxide- 
benzene mixture, eight treaters are employed m the second- 
stage treatment The solvent-feed stock ratio onployed 
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in this second phase of the treatment vanes from 2 75 
to 3 50 

As with any selective solvent, there appears to be 
a definite relaUonship in countercurrent treatment with a 
given number of treaters between yield of oil of a given 
quality and the total volume of sulphur dioxide and sulphur 
dioxide-benzene employed, the temperature required to 
give the specified quality raffinate being fixed by the volume 
ratio of solvent This relationship for dewaxed Santa Fe 
Springs lubricating distillates appears to be fairly well de- 
scribed by the curve for sulphur dioxide, sulphur dioxide- 
benzene treatment shown in Fig 4 It is known from 


extraction process is the use of sulphur dioxide to strip the 
desolventized raffinate and extract of the last traces of ben- 
zene This, of course, requires that practically pure sulphur 
dioxide be available for this operation 

Possible Use of oflier Solvents on California Stocks. 

With increasing demands for viscosity index and stabi- 
lity. It is expected that additional lubncating-oil solvent- 
refining capacity on the Pacific coast will be designed to 
operate on stocks from wax-bearing crudes, rather than on 
stocks from the non-waxy crudes Of the various solvents 
shown in Table HI, phenol has appeared sufficiently 



analytical fractionation of the original stock, and from 
analysis of the extracts produced in commercial pracUce, 
together with the yield of corresponding raffinate, that the 
available material ofO 808 V G C m the stock is very close 
to 50% Therefore the yield curve will approach 50% 
asymptotically at very high solvent ratios and correspond- 
ingly low temperatures A number of points from pilot 
and commercial plant runs define the lower portion of the 
curve It will be observed that very high solvent ratios are 
required to obtain the highest yields, but on account of 
the low price of both sulphur dioxide and benzene and the 
ease of solvent removal, the operations with sulphur 
dioxide-benzene have proved practical With a given plant 
circulatmg the maximum amount of solvent per day, it is 
obvious that another curve can be constructed from Fig 4 
to give the production of specification oil per day as a 
function of the quantity of stock being treated The shape 
and location of this curve and other factors will determine 
the most economical or profitable throughput for the plant 
Table VI illustrates the results obtained in treating the 
four grades of stocks processed through the Oleum plant 
All raffinates are finished by a hght contact clay treatment 
An mteresting feature m the sulphur dioxide-benzene 


attractive to be given considerable attention in a seven- 
sta^ experimental continuous countercurrent treater The 
cost of the solvent, ready availability, stability, relatively 
non-toxjc properties, and overall efficiency as a selective 
solvent make phenol attractive In Fig 4 is also shown the 
yield-volume per cent solvent curve for phenol obtained 
in the seven-stage continuous treater operating on the same 
stock as that used in determining the curve for sulphur 
dioxide-benzene The marked reduction in solvent require- 
ment IS readily apparent Regardless of the increased yield 
of raffinate and the use of lower solvent ratios, the results 
as far as the qualities of the raffinates are concerned are 
essentially the same as for extraction with sulphur dioxide, 
sulphur dioxide-benzene when operating on the same dis- 
tillate stocks, except for slight changes in viscosity 
In concluding the discussion of solvent treatment of 
Cahfomia distillate lubncatmg stocks, it is desired to pomt 
out that, as far as existing data go, it appears that the 
quality of the final raffinate of a given viscosity-gravity 
constant is essentially the same regardless of the solvent- 
treating path employed in arriving at that pomt In other 
words, the materials of proper quahties ate fixed by the 
composition of the raw stock, and while some vanations 
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Table VI 

Sulphur Dioxide, Sulphur-benzene Extraction of Propane Dewaxed Santa Fe Springs Vacuum Distillates 
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Gravity, "API at 60° F 
Colour, N P A 
Conradson carbon residue, 
Pour-pomt, ° F 
Flash, C O C , " F 
Fire, C O C , " F 
Acid no , mg KOH /g 
Sulphur, % by weight 
Oxidation stability 
Indiana, hr for 10 mg 
Indiana, hr for 100 mg 
Sligh no 

Viscosity, Saybolt Universal 
sec dt 100° F 
sec at 210° r 
Viscosity index 

Viscosity-gravity constant (vise 


SAE 10 I SAE 20 



Gravity, " API at 60 F 
Colour NPA 
Conradson carbon residue, 
Pour-point, ° F 

Flash COC,“F 
Fire, COC °F 
Acid no, mg KOH'g 
Sulphur, % by weight 
Oxidation stability 
Indiana, hr for 10 mg 
Indiana hr for 100 mg 
Siigh no 

Viscosity, Saybolt Universal 
sec at 100" F 
sec at 210° F 
Viscosity index 

Viscosity-gravity constant (vise 


SAE so 

' I Sulphur I 

I Sulphur I dioxidi • I 

Dewaxed I dioxule i benzene l Final 

Uock I extract ! extract \ raffinate* 


18 1 
opaque 
1 60 
15 (vise 
pour) 
520 
600 
0 05 


202 284 

opaque ' 5i 
0 70 0 

0 10 


515 
600 
0 03 


520 
600 
001 
0 18 


, I 100 

I 160 

' 1 

4 600 3 400 914 

141 1 483 125 81 

20 ■ 32 90 

at 210“ F) I 0 876 , 0 946 1 0 861 0 805 


_ SAE 70 

' I Sulphur I 

I Sulphur dioxide- 
Dewaxed dioxidt | benzene Final 

stock I extract ' extract I raffinate* 


I 174 I 70 
j opaque 

45 (vise 
I pour) 

{ 610 
710 

I 0 02 


18 4 ' 27-0 

opaque i 71 

18 i 0 12 

35 (vise I 15 

pour) I 

605 I 615 

700 ' 710 

002 ' 002 

021 


200 


> 2,630 

402 I 364 150 

' 92 

0 864 ' 0 858 0 804 


• After hot contact treatment with 2-4 of bleaching clay 


in degree of fractionation will exist between the use of 
different solvents or the same solvent under different condi- 
tions, these variations in fractionation will have a greater 
effect on yield of raffinate of specified VI or V G C than 
on the quality of the raffinate 

Solvent Extraction of Insecticidal Spray Oils and 

Transformer Oils. 

Spray oils for insecticidal purposes and transformer oils 
are usually produced in California by treating appropriate 
cuts from the gas-oil fractions obtained in the distillation of 
low cold-test or asphalt-base crudes In the distillation 
of this type of crude (Poso Creek, McKittnek, Midway- 
Sunset, Coalinga, &c ) for the production of ‘naphthenic’ 
lubricatuig distillates, the gas-oil fractions may be frac- 
tionated directly to give one or more grades of spray-oil 
stock, or the gas-oil cuts may be re-run as a separate opera- 
tion, dependmg upon the choice of the refiner Generally, 
two or three stocks of different boihng range and viscosity 
are produced and refined to meet certam specifications, and 


blcndmg then permits compliance with other specifications 
Alternatively, the refiner may process a wide boiling-range 
cut and then re-run to produce several cuts to comply with 
specifications The net results are essentially the same, and 
again the sequence of operations is a matter of choice for 
the refiner according to his particular conditions 
While It IS possible to produce high-grade spray oils and 
transformer oils from naphthenic distillates by sulphunc 
acid treatment alone, followed by wet neutralization, the 
amounts of acid required to obtain unsulphonated residue 
tests above 90 are very large, amountmg to as much as 
2S0 lb per barrel in some cases Therefore, in producing 
oils of high unsulphonation values, it is more economical 
first to extract the raw distillate with sulphur dioxide and 
then to apply a finishing treatment with sulphunc acid to 
brmg the unsulphonated residue test up to speafications 
Transformer oil is conveniently made by utilizing the 
raffinate of the lowest boiling spray-oil stock, although it 
IS not infrequent to cut at the stills a transformer-oil stock 
of a particular boiling range and then extract this stock 
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with sulphur dioxide The raffinate in either event is given 
a finishing treatment with sulphuric acid, aqueous alkali, 
and clay, or it may be finished by simply alkah-washing and 
clay-treatmg if the solvent extraction is earned far enough 
As a further altemabve, the refinery may re-run the trans- 
former-oil raffinate with the addition of caustic soda to the 
still charge An important point in the finishing treatment 
of transformer oil is to dry the oil as thoroughly as possible 
before it leaves the refinery and to see that it is not allowed 
to pick up moisture during handlmg Each refiner usually 
has a preferred method for drying transformer oils 


Table VII 


Refining of Spray Oils and Transformer Oils from 
Non-^axy Calijornia Crudes 
Light Stock 


Amount sulphuric 
acid, lb per barrel 
Finished oil 
Gravity, ° API jt 
60“ F 

Colour, N P A 
Pour-point, “ F 
Viscosity, Say Univ 
at 100“ F . sec 
Unsulphonated resi- 
due (de Ong), 

Acid no 

Engier distillation. 


Initial 

10% 

50% 

90% 


' Sulphur ' 
I dioxide I 
Stock I raffinate | 


Jtaffinale ajier acid 
treatment 


22 8 
8 

- 50 
59 


SO 

57 

80 

003 


75 10 

light spray transformer 

29 8 28 5 

I 4 

50 -50 

54 56 

92-93 85 

0 01 003 


Medium Heavy Stock 


a light acid treatment pnmanly for colour Such oih 
produced from California naphthenic crudes therefore 
contained large amounts of unsaturated and aromatic 
materials of a very reactive nature which resulted in the 
mjuries experienced Drastically refined oils of the white 
oil or medicinal oil type were found to be relaUvely free 
from plant injury, and it then became the custom to require 
spray-oil stocks to be refined to a point approaching white 
oils in quality As a ready means of ensuring this high 
degree of treatment, the unsulphonated (de Ong) residue 
test was adopted and subsequently an unsulphonated resi- 
due test in excess of 90% has been required m practically 
all specifications for high-quality spray oils Unsul- 
phonated residue tests on the older ‘red oils' ranged from 
about 55-68%, depending on the crude method of dis- 
tillation, and degree of refining employed In the enthu- 
siasm for high unsulphonated residue tests, oils of less than 
90 de Ong test have been held in disfavour and oils of 70- 
90 unsulphonated residue have not been given due con- 
stderaUon 

The use of sulphur dioxide extraction in the production 
of spray oils and transformer oils is practised by the Asso- 
ciated Oil Company, the Union Oil Company the Standard 
Oil Company of California, and the Shell Oil Company of 
California The operations are similar to those described 
above for the heavy lubncaUng fractions, except that lower 
temperatures are usually employed in older to conserve 
yield at, of course, the expense of larger solvent dosages 

Table VII illustrates the effect of sulphur dioxide extrac- 
tion followed by sulphuric acid treatment on two typical 
spray-oil distillates from California low cold-test crude 
The hghtcr distillate also serves as a transformer-oil stock 

With the recent installation of dewaxing equipment to 
permit the refining of distillates from Califbrnia wax- 
bearing crudes, it is possible to produce unusually high de 
Ong spray oils by sulphur dioxide extraction only as 
illustrated in Table VIII 


Sulphur ' 

I dioxide \ Raffinate after acid 
Stock ' raffinate I treatment 


Table VllI 

Refining of Spray Oils from Santa Fi Springs Crude 


Amount sulphuric acid, 
lb per barrel 
Finished oil 

Gravity, “ API at 60” F 21 4 

Colour, NPA 8r 

Pour-point, “ F -40 

Viscosity, Saybolt Univ , 
at 100” F, sec , 106 , 

Unsulphonated residue I 
(deOng), % ' 63 I 

Aad no 1 73 i 


28 1 
7 

-40 

90 

80 
0 05 


I medium heavy spray 
29 0 

I 

I -40 


ImUal 

10% 

50% 

90% 

Max 


570 ' 595 

628 I 630 

685 691 

765 I 765 

790 I 800 


Gravity. ” API at60“F 
Colour, NPA 
Viscosity, Saybolt Univ at 
lOO'F.sec 
Pour-point, ” F 
Unsulphonated residue (de 
Ong), % 


Acid no 
DisUllation, ° 
Imbal 
10% 

50% 

90% 

Max 


I 


I Sulphur dioxide 
Dewaxed \ raffinate 

distillate I (clay treated) 
26 3 ( 33 8 

6 I 

56 ] 82 

- 5 ] 25 

70 96 

010 I 003 

550 I 562 

585 I 594 

617 624 

672 I 680 

716 730 


The specifications to which spray oils are refined usually 
emphasize (1) boihng range, (2) viscosity, and (3) unsul- 
phonated residue test Boilmg range and viscosity are con- 
sidered important in connexion with penetration of oil mto 
the foliage and the tune the oil remains before evaporatmg 
High unsulphonated residue requirements are the out- 
groivth of serious damage to citrus trees, and to deciduous 
fruit trees in summer, caused by poorly rdSned ‘red oils’ 
employed a decade or so ago These ‘red oils’ were poorly 
fractionated as regards boiling range and were given only 


Solvent Extraction of Reforming Stocks. 

The heavier gasoline fractions from Califorma refining 
crudes contam 12-18% of aromatics, consisting mainly 
of benzene, toluene, xylenes, ethyl benzene, &c Relatively 
narrow boihng fractions rich m these aromatic components 
find valuable use in the pamt and lacquer industry and m 
the blendmg of high anti-knock fuels such as aviation gaso- 
hne. It has therefore been found econonucal to solvent 
extract heavy naphthas for the recovery of these aromatic 
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fractions and then to utilize the raffinate in a low octane 
gasohne or as reforming stock for the production of high 
anti-knock gasohne 

Comparable cracking runs on a heavy naphtha with 
and without having been previously solvent extracted will 
give generally 2-4 points higher octane number on the re- 
formed gasolme when the stock has not been solvent 
extracted before cracking This lower knock rating of the 
reformed naphtha raffinate can, of course, be remedied by 
more severe cracking at the expense of less yield of gasoline 
and greater loss to fixed gases Whether or not Edeleanu 

Table IX 

Solvent Extraction and Reforming Heavy Naphtha 

, , Sulphur I Sulphur 

I Heavy dioxide , dioxide /trformtd 
naphtha I extract ' raffinate raffinate 

Extraction temp , ° T IS 

Amount sulphur di- 
oxide, vol /„ 100 

Cracking temp maxi- ' 

Gas produced, cu ft 
per bbl charge 

Gravity, ° API at 60” F 52 I 

Engler distillation, ” F 
Initial 174 

10”„ 222 

S0”„ 265 

90 S2S 
Max 381 

Sulphur ", 0 03 

Aromatics, ", 18 1 

Octane no , A S T M 
motor method 58 


980 

' 342 

41 6 55 5 57 2 

212 184 96 

239 216 178 

275 251 246 

124 108 336 

170 384 435 

004 001 001 

52 2 2 2 29 6 

78 56 68 5 


treatment of refonmng stocks will prove more or less pro- 
fitable m the future is a question which it is difficult to 
answer, particularly in view of the development of other 
processes for the production of aromatics such as the high- 
temperature gas-polymenzatioii processes 
The results of solvent extracting and reforming a heavy 
naphtha are shown in Table IX 
In the refining of kerosinc by the Edeleanu process 
attention has been directed to the extract as a possible 
cracking stock The fractions of the extract boilmg below 
about 425" F , however, find valuable utilization as indi- 
cated above, and therefore only the heavier fractions of 
the kerosine extract are available for use as cracking stocks 
TTiis type of stock gives high octane-ratmg gasoline, as 
illustrated in Table X, but the quantity available is usually 
quite small in comparison to other cracking stocks 


Table X 

Reforming Heavy fractions of Kerosine Estrait 


C r.ickmg ttmperalun., maximum, " F 
Gas produced, eu ft per bbl tharge 
Gravity. "API at 60 F 
Engler distillation, " F 
Initial 
10 ^ 

50", 

90". 

Max 

Sulphur ", 

Octane no , A S T M motor method 


I Kerosine 
! bottoms 


19 6 


Gasoline 

produced 


I 
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THE NITROBENZENE METHOD 


By S. W FERRIS, B.Chem 
Chief Chemist, The Atlantic Refining Company 


Introduction 

Nitrobenzenf as a selective solvent is distinguished by the 
fact that It IS one of the few known compounds, and the 
only one of those commercially used as selective solvents, 
which combine good selectivity and high solvent power. 
I e It is capable of effecting a sharp separation between 
paraffinic and naphthenic constituents, when used in rela- 
tively small quantities It is further substantially unique in 
Its ability to extract residual stocks as well as distillate 
stocks, and to remove from any of these stocks enough of 
the colour bodies that the raffinate may be finished by 
means of clay, without the use of acid or other decolonzing 
chemicals It is capable of sharply removing naphthenic 
material from stocks of any sort from extremely naph- 
thenic ones to extremely paraffinic materials such as Penn- 
sylvania When appli^ to stocks of the latter type its 
unusual properties allow the paraffinic stock to be advanta- 
geously extracted with very small amounts of solvent 

Operation of Process 

In the remainder of this article the word ‘nitraffin’ will 
be used instead of 'raffinate' and the word ‘nitrene’ instead 
of 'extract’ The derivation of these terms is apparent, 
nitraffin being the paraffinic portion resulting from a nitro- 
benzene extraction, and nitrene the naphthenic portion 

By reason of the fortunate physical properties of the 
solvent, which will be discussed below, the operation of 
the nitrobenzene process is essentially simple Charge oil 
IS mixed with the requisite quantity of nitrobenzene, the 
mixture brought to extraction temperature and continu- 
ously charged to the counter-current extraction vessels, 
where it separates by gravity into two layers, the lower 
containing the naphthenic constituents in solution and the 
upper being the paraffinic portion of the oil in which some 
nitrobenzene is dissolved The layers are continuously 
withdrawn and each is passed over steam coils in a vacuum 
evaporator, in which all but 1 % of the nitrobenzene is 
removed The oil is then passed through a vacuum stnp- 
ping-tower where the remainder of the solvent is removed 
by open steam 

Fig 1 shows the general arrangement of apparatus, the 
flow of materials, and the flow of heat Charge chillers are 
of the scraper type in order that wax-bearing and highly 
viscous stocks may be handled The 5-stage counter-current 
extractor is a conventional senes of settluig and mixing 
tanks, except that the first-stage mixer is omitted In order 
to decrease wax concentration and improve heat transfer, 
the incoming charge is mixed with second-stage mtrenc 
in the chiller, and this serves also for agitation 

The evaporators are of the cascade type, consisting of 
closed steam coils placed in a vertical series of shallow 
trays Each evaporator consists of several units, with each 
unit communicating throughout its length with a corre- 
sponding condensing unit Pressures of 30 mm of mercury 
in the first several units and 10 mm m the remainmg units 
are maintained by means of a 3-stage steam-jet vacuum 
pump Temperatures within the evaporator vary from 


about 215“ F at the top to 325“ F at the bottom, while 
the temperatures in the vacuum strippers are of the order 
of 350° F The strippers operate at a pressure of 65 mm 
of mercury in order that the steam may be condensed with 
ordinary cooling water The small amount of nitrobenzene 
dissolved in the water is recovered by distilling the con- 
denser water under 100 mm pressure, taking about 10% 
overhead, and leaving the remaining 90% practically free 
of mtrobenzenc The 10% overhead separates into two 
layers (nitrobenzene and nitrobenzene-saturated water), the 
latter of which is recirculated to the still (Note this 
recovery still is not shown in the diagram ) Each cycle 
recovers 95% of the nitrobenzene in the water 
Fig 2 is a photograph of the mtrobenzene plant at the 
Philadelphia Refinery of The Atlantic Refining Company 
It was designed to handle 3,000 bbl (50’s) per day of 
mtrobenzene, the amount of oil charged being dependent 
upon the ratio of oil and solvent With 150% nitrobenzene 
based on the charge, the oil capacity would be 2,(X)0 bbl 
per day, &c The plant was promptly brought not only to 
capacity, but considerably beyond 

Physical Properties of Nitrobenzene 
The physical properties of nitrobenzene are given in 
Table I A number of these contribute in no small measure 
to the simplicity and ease of running of the process 
Its high density and low viscosity combine to make 
separation of the phases easy and rapid No centrifuges 
are necessary in the extraction step, even when small 
amounts of solvent are employed 

Table I 

Properties of Nitrobenzene 
Colour yellowish — nearly colourless when pure 
Odour bitter almonds 
Density 1 207 at 60° I- 
Boiling-point 411 5“ F (210 9° C) 

Melting-point 42 3° F (5 7° C ) dry 41 4° F (5 24° C ) wet 
Refractive index 1 5529 
Pensky-Martens flash 208° F 
Solubility in water 0-2% 

Fluidity 50rhes (68° F ), viscosity 0 021 poise 

Sp ht 0 33-0 38 B Th U lib /° F (14-16 joules g /° C ) 

Latent ht of fusion 40 6 B Th U /Ib ^ (94 25 joules/g ) 

„ , evaporation 142 6 B Th U /lb = (331 joulcs/g ) 

Thermal conductivity 0 09 B Th U /sq ft /ft /° F /hour 
Coefficient of expansion 0 00048 c c /c c per ° F 

The amount of heat required in redistilling the solvent 
after extraction is mimmized in the first place by the fact 
that small proportions of solvent are employed, but this is 
further decreased by the fact that its latent heat of evapora- 
Uon IS relaUvely low when compared with several other 
extractmg solvents 

Bemg entirely stable towards air and having a high flash- 
pomt, no stormg precautions such as inert gas blanketing 
are requued 

Its low solubihty m water is fortunate in two respects 
First, nitrobenzene works as well when saturated with 
water as it does m the anhydrous condition, therefore, no 








There are no corrosion problems in connexion with the 
nitrobenzene process Neither the liquid nor vapour causes 
any excessive corrosion on ordinaiy metals such as steel 
brass, copper, or Admiralty 

No discussion of nitrobenzene would be complete with- 
out reference to the matter of toxicity It is an undeniable 
fact that nitrobenzene has somehow acquired a very un- 
fortunate reputation in this regard, nor has this reputation 
been amehorated during the several years that it has been 
competitive as a selective solvent with other matenals 
whic^ either are, or are reputed to be, less toxic Further- 
more, the very number of excellent characteristics of mtro- 
benzene have quite naturally increased the tendency to 
point the linger of accusabon at this one characteristic 

As a matter of fact, neither makers nor users of nitro- 
benzene have found reason to be particularly concerned 
about the toxicity of the material In some 9 years of 
laboratory, semi-plant and full-scale experience with nitro- 
benzene as a selective solvent not a single case of senous 


loss of the solvent be kept to a very low figure, and those 
precautions which it is very necessary to adopt in order to 
keep this figure low are the best precautions which could 
possibly be adopted to eliminate any health hazard 
Hamilton, in Industrial Poisons in the United States 
[1, 1929], says ‘In American dye works D N B (di-mtro- 
benzene) is often the only substance that causes real alarm ' 
It may well be, therefore, that most of the difficulties en- 
countered with nitrobenzene have, in fact, been due to di- 
nitrobenzene, because commercial grades of nitrobenzene 
frequently contain several per cent of the di-nitrobenzene 
The grade used for extraction, however (oil of mirbane), 
is, and must be kept, free of di-nitrobenzene 
From the standpoint of availability and price nitroben- 
zene is m an excellent position It is available in satisfactory 
quahty from a number of manufacturers, and in unlimited 
quantity Being produced in a single step from benzene, 
its price IS, and probably will remam, definitely lower than 
those materials which require two steps in their manufacture 
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Production of Parafiinic Oils 
At present the most important function of a selective 
solvent as applied to lubricating oils is to produce a 
parafTinic fraction by the removal of naphthenic consti- 
tuents Instead of exhaustive data on one or two typical 
stocks, somewhat condensed information is presented on 
several One purpose of this is to emphasize agam the 
fact that nitrobenzene is capable of producing a paraffinic 
fraction of quality as high as is desired, or at any rate as 
high as is contained by the stock, from fractions of almost 
any character, whether that fraction be a distillate or a 


residual stock Furthermore, the amount of solvent re- 
quired to effect this result is always relatively low 
The data on distillate stocks are recorded in Table II, 
and those on residual stocks m Table III 
It cannot be assumed, merely because the viscosity 
gravity constants of distillates arc the same, that the com- 
position of those two distillates are identical, because the 
proportions of the various constituents whose average pro- 
perties result in the viscosity-gravity constant may differ 
Those differences are, however, not extreme, and there- 
fore the approximate yield of material of any desired 
quality may be predicted This is illustrated in Fig 3 For 


Tabu II 

Extraction* of Distillate Stocks 


De^cnpiion 


c\lraclioit. 


S V Mscosin ' 

Nilraffin at at ' at API 

\uMt too- r 130“ F 2l(r r , gra\ VOC 


Barbers Hill 


160 


627 

41 48 I t2l 


59 5 22 0 0 863 

52 7 28 8 0 816 


Barbers Hill 
Mid-Conlineiit 

Hobbs 
Barbers Hill 


Dewaxed Mid-Continent 


175 ' 59 

100 41 

125 41 


47 8 

592 

I 599 
30 5 j 269 


792 110 

349 78 3 

69 
56 6 


20 4 0 861 

27 6 ' 0 813 

22 1 0 858 

29 2 0 811 

20 0 I 0 880 

315 I 0 804 


100 i 41 70 , 

150 59,68,77 51 4 

< . ! 361 

ISO 41 51 8 224 


115 ' 20 8 0 857 

88 I 26 1 0 822 

83 27 3 0 813 

25 3 ' 0 845 

318 ' 0 805 


Winkler 


150 


i 538 

41 '29 5 274 


20 9 0 875 

30 8 I 0 808 


O D 

1 I I lolour 

33 ' 318 

93 , 20 

39 ' 1,410 

92 137 


• Three-stage counter-current 


t Volume per cent based on stock 


t Per cent ol stock by volume 


Table III 

Extraction* of Residual Stocks 


Desinption 


Temp of 
i Kiraclion, 


Nuragm S U \tsc 
vieldt ' at 2 UP F 


Properlie\ 
API \ 

pray VG C 


Barbers Hill Residuum 

Barbers Hill Residuum 

Winkler Residuum 
Barbers Hill Residuum 

Hobbs Residuum 
Oklahoma Residuum 


59,86,113 44 6 

59,86,113 41 3 

59,86, 113 36 2 


0 887 
0 814 
0 812 


0 868 
0 829 
0 816 


0 858 
0 816 
0 810 


112,600 

8,640 

8,092 

9,609 

69,500 

6,920 

6,860 


27,744 

10,336 

8,956 


* Three-stage counter-currenL t Volume per cent based on stock t Per cent of stock by volume 
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example, a stock of 0 840 V G C may be expected to yield was also effective on Pennsylvania stocks Clay fimshing 
about 60% of 0 815 nitraflSn, whereas a stock of 0 870 of the mtraliins will result in further reduction 
V G C would yield about 40% of similar quality As with 

any solvent, the yields from a given stock may be vaned Table iv 

to some extent by controlling the temperature of operation Reduction of Carbon Residue 

1 1 j SI/ 

I % I viscosity 

! nilro- % I at Carbon 
Stock I benzene Yield 210° F re^ue 

Barbers Hill District ' 59 5 0 28 

' 160 I 48 1 52 7 0 06 

Barbers Hill District | i 110 0 76 

' 200 I 54 2 79 0 18 

Barbers Hill residuum I I 444 6 4 

200 1 44 5 179 1 8 

Penna residuum i 143 2 14 

100 , 82 6 124 0 94 

Penna residuum ' 220 3 2 

100 I 82 7 1 5 


Effect on Stability 

Nitrobenzene extraction makes possible the produc- 
tion of oils of unusual properties, particularly with 
respect to stability For example, fractions, some more 
paraffinic than the stock and some more naphthenic 
than the stock, have exhibited unusually high elec- 
tncal resistivities, and certain fractions the remarkable 
characteristic of a high electrical resistivity which slowly 
increases during a test which was devised to break it 
down The test referred to is exposure to air at 21 2“ F 
for 72 hours or longer 

A stability test which is at present much in use is 
the Indiana oxidation test Whether the critcnon be 
the amount of sludge deposited, or the rate of viscosity 
increase during the exposure to air, nitrobenzene-treated 
oils are extremely stable The stability of the raw 
raffinate is not always high, but the improvements 
effected by clay treatment are strikingly large, even 
with nitrobenzene, and this must also be borne m mind though the amounts of clay used be very small It appears 
when predicting on the basis of Fig 4 that mtrobenzene very largely removes those compounds 

responsible for instability, leaving, however, very small 
Colour Removal amounts which arc readily adsorbed on clay 



Naphthenic constituents and colour bodies do not seem 
to be identical, because a considerable number of solvents 
arc capable of sharply separating naphthenic constituents, 
but nitrobenzene is one of the very few which simul- 
taneously removes to a large extent those bodies which 
impart colour to the oil This is particularly true in the 
case of residual stocks Data on this pomt are included 
in Tables II and III These and some additional data are 
presented in Fig 4 (confmed to disUllate stocks) and Fig 5 
(confined to residual stocks) As will be brought out later, 
the matter of colour removal is of very great importoncc 
in determiiung the expense mvolved m finishmg the solvent 
raffinate to marketable colour 

Effect on Carbon Residue 

Nitrobenzene extraction always results m markedly de- 
creasmg the carbon residue of an oil Data are given in 
Table IV It is to be noted that the carbon residue of the 
Coastal residuum was reduced from 6 4 to a figure lower 
than most steam-refined Pennsylvania stocks Extraction 


Finishing 

By reason of the large proportion of colourmg matter 
which is removed during nitrobenzene extraction, mtraffins, 
whether from distillate or residual stocks, may be fimshed 
to a marketable colour by clay treatment alone In no case 
IS acid treatment required When handling residual stocks, 
therefore, the cost of the nitrobenzene extraction may be 
partly, if not entirely, ofiset by this factor, inasmui^ as 
acid treatment always results in considerable quantities of 
sludge having a negligible value, whereas mtrenes make 
excellent crackmg stocks 

Table V gives comparative data on the clay percolation 
of 4 mtraffins and 3 Pennsylvania products The distillate 
mtraffins gave yields more than twice as large as those 
obtained from Pennsylvama neutrals and fimshed to hghter 
colour The mtraffin from Barbers Hill residual, although 
it was originally much darker than the Pennsylvania 
cylmder oil, gave yields slightly higher than the Pennsyl- 
vanu oil 
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Table V 

Comparison of Clav DecoloriMion of Pennsylvania Oils and Nitraffins 



MT/MP-FfN y/£LD- peecsA/r 


Fl(i 5 Colour removal from residual stocks 


Fig 4 Colour removal from distillates 

Extraction of Pennsylvania Stocks 
When, a few years ago, solvent extraction was brought 
to the fore, one of its most striking accomplishments was 
the production, from stocks of other than Pennsylvania 
ongm, of oils resembling m viscosity and gravity charac- 
tenstics those produced from Pennsylvania crude Of late, 
however, considerable interest has been shown m the sol- 
vent extraction of Pennsylvania stocks themselves in order 
to remove the relatively small proportions of naphthenic 
materials which are present and to impart, among other 


characteristics, better stability In the extraction of Penn- 
sylvania stocks the unique characteristics of nitrobenzene 
arc sharply emphasized By reason of its high solvent 
power, its high selectivity, and particularly its ability to 
retain that selecuvity even when the extract is rich in dis- 
solved oil, nitrobenzene is able to bring about real improve- 
ments in the quality of Pennsylvania lubricatmg stocks 
when applied in amounts ranging from 20 to 50% by 
volume of solvents based on the stock, solvent proportions 
which are, m the light of most solvent experience, extremely 
low Results of such extractions on typical P^sylvania 
stocks are given in Table VI 
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Table VI 

Extraction of Pennsylvania Stocks 


A U viscositv 


' 100^ F iSlFF 210- F 


Steam-refined Cylinder 
Stock 


70 

50 

41 

70 


92 5 
96 
88 1 
82 6 


825 141 
6ti1 127 
713 ' 130 
610 120 
646 124 


API 

gray 

26 3 

27 1 

27 0 

28 2 
28 3 


VOC , VI 
0 815 98 

0 806 102 

0 807 101 

0 800 104 

0 798 104 


Carbon 


OD 


2,929 
1 700 
2,500 
1,372 
1,157 


Unfiltered Neutral 
Stock 


20 41 

25 41 

40 41 


174 

92 8 169 

92 3 168 

87 0 157 


93 8 44 4 

89 6 44 3 

89 6 44 4 

86 3 43 9 


30 0 0 822 

30 9 0 817 

30 7 0 818 

31 6 0813 


A B 

92 0 04 

96 113 0 03 

98 117 , 0 02 

100 114 0 03 


53 

20 

35 


• Volume per cent based on stock A- from vise at 100 and vise at 210 

t Per cent of stock by volume B — Irom vise at 130 and vise at 210 


REFERENCE 

1 Hamilion Industrial Poisoni in the United States (Macmillan, 1929) 
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PHENOL EXTRACTION OF LUBRICATING OILS 

By R. K STRATFORD, D Sc., M.I.P.T. 

Chief Research Chemist, Inytenal Oil Ltd , Sarnia 


Introductioii 

In order to improve the quality of lubricating oils and at 
the same time eliminate or reduce the cost of acid sludge 
disposal, a programme of research was started at Impenal 
Oil Ltd , Sarnia, Canada, m 1928, in an attempt to find a 
satisfactory solvent to displace sulphunc acid 
A review of the literature at that time disclosed two 
patents dealing with the use of phenol Schick [3] in May 
1926 was granted a German patent covering the use of 
phenol plus a large number of diluents for the refining of 
mineral and other oils In September of the same year, 
J P Fraser [2] obtained a British patent for a complete 
treatmg and recovery process for the refining of kerosine 
distillates using phenol containing about 5% to 15% of 
water 

An attempt at Sarnia to use phenol as outlined by either 
of the above mventors gave comparatively poor results, 
and it was not until about a year later that the use of 
substantially anhydrous phenol resulted m the production 
of lubricating oils superior m many respects to those that 
could be obtauied by ordinary refining methods 

Reasons for Selecting Phenol 
At the commencement of the mvestigation it was realized 
that any solvent planned to replace sulphuric acid should 
be able to treat a large variety of distillates to different 
degrees of improvement In other words, it should at least 
equal the flexibility of sulphuric acid At the same time the 
operation should be cheap and the solvent so stable that 
the loss in handling would be veiy low 
During the preliminary development work a large num- 
ber of solvents were mveshgated as to their selecuvity, 
solvent power, and general commercial applicability It 
was found that phenol was about half-way between very 
selective solvents such as sulphur dioxide, furfural, &c, 
and solvents that are not so selective but have greater 
solvent power such as nitrobenzene, cresols, &c Because 
phenol is one of the most stable of the solvents investigated, 
particularly towards heat, is very easily removed from the 
oil and is cheap, and beoiuse the treatmg condiuons for 
most oils are only shghtly above ordinary temperatures, it 
was finally decided to concentrate on the investigation of 
phenol 

Properties of Phenol 

Phenol (CaHgOH) forms large colourless crystals which 
melt at 42“ C (107 6“ F ) and boil at 183“ C (361 4“ F ) 
It IS an extremely stable compound towards heat, having 
been used for a number of years as a diluent m certam 
hydrogenation expenmente [ 1 ] Phenol occurs naturally m 
coal tar or can be manufacture synthetically from benzol 
hy several well-known methods Therefore the supply of 
phenol IS unlimited 

Hk Action of Phenol as a Selective Solvent 
The majority of lubncatmg oils contam a number of 
components which are detrunental to their use as lubn- 
cants The nature and quantity of these components vaiy 


greatly with different crudes and different fracUons from 
the same crude The purpose of any refining operation is 
to remove these undesirable substances as completely as 
possible, and at the same time to leave the desirable com- 
ponents in the oil 

There are three important factors which have a duect 
bearmg on the improved character and yield of the 
raffinate obtained by phenol treating They are 

(1) Temperature of treatmg 

(2) Proportion of phenol to oil 

(3) Method of contacting phenol and oil 

(1) Temperature of Treatmg The temperature at which 
treatment can be made is confined within the limits at which 
miscibility occurs between the oil and the phenol and the 
temjierature at which the phenol crystallizes out of the 
phcnol-oil mixture As a general rule, an increase in 
temperature gives a greater impiovement in the raffinate, 
but lowers the yield 

(2) Proportion of Phenol to Oil. The quantity of phenol 
usually varies between 1 2 volumes to 1 volume of oil 
Increasing the proportion of phenol to oil gives somewhat 
the same results as are obtained by increasmg the tempera- 
ture, although at times a greater improvement m viscosity 
index can be obtamed by mcreasing the temperature than can 
possibly be obtamed by mcreasing the proportion of phenol 

It IS necessary to run a number of expenments in order 
to determine the optimum conditions of temperature and 
quantity of phenol for any given oil For light stocks m 
paiticular it has been found that the lowest possible 
treatmg temperature produces the best yield for a given 
improvement m the raffinate The higher the viscosity 
and the viscosity index of the oil being treated the higher 
the temperature at which treatment can be made without 
adversely affecting the yield 

(3) Method of ContactiDg Phenol and Oil The treatment 
of oil with phenol can be carried out either by smgle 
batch, multiple batch, or by continuous countercurrent 
extracuon The quantity of solvent necessary to produce a 
given improvement m the oil by countercurrent treating is 
approximately one-half that which is required for a batch 
treatment While it is true that multiple batch treatments 
can give results approaching those obtamed by counter- 
current treating, nevertheless neither the yield nor the 
improvement m stability, colour, &c , are ever as good as 
wiffi countercurrent treatmg 

General Results of Phenol Treating 

The results obtamed from the phenol extracUon of 
lubncatmg oils may be summarized as follows 

Phenol can be used either to replace sulphuric acid m 
the finishmg of lubncatmg oils or to make further improve- 
ments which cannot be realized with acid even m excessive 
amounts It has been calculated that for the former pur- 
pose the actual cost of phenol treatmg is about the same 
as with acid, with the advantage that the extract is suit- 
able for crackmg puiposes or as a fuel oil, while the sludge 
from acid treating is difficult of disposal 
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The use of phenol to improve the viscosity index, 
stability to oxidation, Conradson carbon residue, &c , of 
the oil IS unportant, as cheap, low viscosity index oils can 
be changed to high-quahty o^ by solvent extraction As 
a rule there is a limit to ^e extent to which an improve- 
ment can be made without incurring excessive loss in yield, 
and this is usually between forty and fifty points in viscosity 
mdex It has beea found that there is no way of accurately 
predicting the yields for a desired quality of oil from 
different crudes, as the possible improvement vanes with 
the crude as well as with the width of cut 

The use of phenol as an extracting agent improves 
lubncatmg distillates in the followmg respects 

(1) Viscosity Index. Phenol has been used successfully 
in the treatment of oils with viscosity indices below zero 
as well as for oils with viscosity mdices of 100, and also for 
treating oils with viscosities as low as 80 Saybolt Universal 
at 100° F and as high as 200 Saybolt Universal at 210° F 

(2) Conradson Carbon Residue In general the Conradson 
carbon residue of lubricating oils is reduced between 60% 
and 95 % by phenol treatment The extent of the improve- 
ment is governed by the width of cut as well as the viscosity 
of the oil 

(3) Flash-point Phenol-treated oils in general have the 
same fiash-point as the stock from which they are prepared 
and as the viscosity is reduced more by phenol treatment 
than is the case with acid, the flash of the oil is higher for 
a given viscosity than can be obtained from the same stock 
by acid treating 

(4) Gravity and Colour The improvement m API 
gravity is very great with solvent extraction, and it has 
been frequently found that an oil will continue to improve 
in gravity by additional treatment with phenol even after 
there is no further improvement in viscosity index Phenol 
IS an excellent solvent for volatile colouring matter in 
lubricating oil and, while it removes a great deal of colour 
from the residual oil, it does not appreciably improve the 
cast or bloom of the oil 

(5) Reduction of Shgh Oxidation Number Phenol treat- 
ment of a lubncatmg oil greatly improves its stability 
towards oxidation as measured by the Sligh test and many 
other oxidation tests The Sligh number is frequently 
reduced over 90% For example, a Colombian stock of 
146 Saybolt Universal viscosity at 210° F before treatment 
showed a Sligh number of 87 5, and after phenol extracUon 
gave 0 8 The same stock after acid and clay treatmg 
gave a Shgh number of 4 S, mdicating the supenonty of 
phenol over acid treating 

(6) Sulphur Reduction The sulphur content is reduced 
between 60-80%, dependmg upon the stock and the 
treating condiUons 

(7) Steam Emulsification Number. By treatmg an oil 
with phenol, followed by proper finishing, very low steam 
emulsification numbers are obtained 

Finisbiiig of Phenol-treated Oils 

By careful preparation of the stocks to be charged to 
the phenol plant, it has been possible at Sarnia to simphfy 
and cheapen the fimshing operations for the various 
lubncatmg oils For example, a distillate from Colombum 
crude suitable for the production of S A E no 30 oil was 
treated with 125% phenol at 115° F to give about a 65% 
yield of raffinate whidi requires only 2-3% of Filtrol 
day to finish to a satisfactory oil with a colour of 13-14 
Robinson. 

In order to produce an S A E no 40 stock, only 4% of 


Filtrol was necessary after phenol treatmg At Port- 
Jdrdme, France, oils of sunilar quahty are obUined without 
the use of either aad or clay, simply by distillation of the 
raffinate m a re-run flash coil, from which the oils are 
pumped directly to finished storage 

Only solvent extracted oils that are very dirty or very 
hi^ in viscosity require acid m order to obtain good 
colour and bloom, and m every case the quantity used 
should be very small 

Results of Phenol Treating Lubricating Oils from 
Various Crudes 

During the last few years a large variety of oils repre- 
sentmg almost every type of crude have b«n treated with 
phenol at Sarnia to various degrees of refinement It has 
been found that while a general inspection of any oil will 
give a rough idea as to its reaction to phenol, nevertheless 
there is no way of defimtely predicting what improvement 
can be expected m any specific case, as lubricating oil 
fractions vary a great deal in their maimer of responding 
to solvent extraction The oils that have been treated 
varied as follows 

(1) Very low and very high viscosity index oils 

(2) Narrow- and wide-cut oils 

(3) Very clean and very dirty stocks 

(4) Heavy residual and light overhead cuts 

(5) Waxy and dewaxed oils 

Among the American oib studied have been fractions 
from Mid-ConUnent, Panhandle, Oklahoma City, Coalinga, 
Ventura, Coastal, and Pcnnsylvama, also Iranian and 
Peruvian crudes These different stocks have been treated 
not only for the purpose of rcplacmg acid, but also to 
produce the greatest possible quality improvement 

It has been found possible when treatmg high or inter- 
mediate viscosity index oils to first treat the stock lightly 
with phenol and then re-treat the rafiinate with more phenol 
In this way an oil of very high quality can be obtamed, and 
at the same time an oil of intermediate quahty is produced 
which can be used for many purposes The extract from 
the solvent treatment of lubncatmg oils can either be 
cracked for the production of high octane number gasoline, 
used for fuel oil or asphalts, or worked up mto vanous 
specialities 

In order to illustrate the flexibility of the process, the 
following examples of different treatments are given m 
Table 1 

Table I 

California Low Viscosity Index Distillates 



It can be seen from Table I that a great unprovement in 
gravity, viscosity mdex, and colour has been obtamed, 
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and m both cases the Conradson carbon residue has been 
lowered 85% or better 

It will be noted that with these parbcular oils the cold 
test of the raffinate has been lowered This peculianty has 
been found to occur with a number of distillates which 
received light solvent treats, notably distillates from 
Peruvian crude It will also be evident from this table, as 
well as from succeeding tables, that solvent treaUng lowers 
the Saybolt Universal viscosity at 210° F and that the 
greatest drop occurs with high viscosity oils In the case 
of California distillates the yields are very low, but at the 
same time there is an improvement of between 90-120 
points in viscosity index, and this is far greater than can 
be obtamcd by conventional methods The colour im- 
provement is so great for stocks such as these that little, 
if any, further treatment is necessary except possibly a small 
quantity of clay in order to improve the cast 

Table II 

Coastal and Colombian Distillates 
^Imks 


60 visioutv 
Coastal 
my, phenol 
at I tv I 


Cxtra-hias » 
Colombian 
115°, phenol 
at 12V F 


Treatment inspections , before ' after before after 

Viscosity at 210° F 64 60 146 99 

Gravity, “API i 20 i 25 8 174 25 8 

Viscosity index 22 74 28 77 

Conradson carbon residue 0 125 0 029 I 845 1 0 295 

Pour/sohd. “ F -10/-15' 0/-5 ' 30/25 ' 45'40 

Robinson colour | blue | 91 green | 2 

opaque I opaque 

Yield, % I ' 64 7 I 53 3 


Table 11 gives the treatment of Coastal and Colombian 
distillates The same drop in viscosity with solvent 
extraction can be noted, together with a remarkable 
reduction m Conradson carbon residue, particularly with 
the heavy stock The pour test and solid pomt of these oils 
has been increased slightly by phenol treating, and this 
has been found to happen with low cold test oils or oils 
that have been dewaxed by ordinary methods Those that 
have been dewaxed by benzol-acetone or chlorinated 
solvents do not increase in cold test upon solvent extraction 
Both the Coastal and Colombian distillates show a very 
marked colour improvement, mdicating that there is very 
little, if any, entrained material 
After phenol treatment of the Coastal oil the API gravity 
was 25 8 for a viscosity of 60 Saybolt Universal at 210° F , 
while with the Colombian the gravity is the same with a 
Saybolt Umversal viscosity of 99 at 210° F The viscosity 
mdices for both these distillates are approxunately the same 
Such a comparison indicates that the viscosity-gravity 
constant as used m the literature is not as satisfactory as 
the more empmcal but more practical viscosity index, 
which has a direct relationship to the viscosity at low 
temperature 

Table III gives results typical of Mid-Continent im- 
dewaxed stocks As a general rule, phenol treating removes 
a large proportion of the volatile colouring matter from 
an oil If the distillate contams entramed asphaltic material, 
or if a residual oil is treated with phenol, very httle visible 
improvement is obtamed A great dial of colouring 
material is of course removed from the oil, but a very uiert 
blade material remains which necessitates other fimshmg 


operations before the oil can be improved in colour This 
point IS illustrated m the case of the Oklahoma residual 
mixture Contacting such stocks with clay does not give 
satisfactory colour improvement, particularly if only 
moderate quantities of clay are used 


Table HI 

Mid-Continent Undewaxed Stocks 


Treatment inspections 


Viscosity at 210° F 
Gravity, “ API 
Viscosity index 
Conradson carbon residue 
Pour'solid “ F 
Robinson colour 


Yield. °, 


100 wax stops 
3-100°', batch 
treatments at 
210° F 

bejon ' ajtcr \ 
98 78 i 

22 6 28 5 , 

74 I 107 I 
1 330 I 0 179 I 
70 65 I 100 ( , 

blue I red i 
opaque i ! 

I 65 4 I 


] Oklahoma City 
I crude mix 
150°, phenol at 

140’ F 

before \ after 
I44i { 111 
19 8 1 25 8 

71 I 103 
5 595 2 866 

70-65 70/65 

black greenish 
I black 
j 67 8 


The Conradson carbon residue is more difficult to lower 
when treatmg residual stocks than is the case with dis- 
tillates In the Oklahoma City crude mixture the Conrad- 
son carbon residue is reduced from 5 595 to 2 866 This 
can be explained m two ways 

(1) Because the inert black matenal remaining in the 
residual oil produces Conradson carbon 

(2) Very high molecular weight hydrocarbons, even 
though they are not asphaltic in character, decom- 
pose and produce carbon under the conditions of the 
Conradson carbon test 

This demonstrates why the Oklahoma City residual, 
which IS a wide cut, has not shown as great a reduction in 
Conradson carbon residue as do many of the other stocks 
illustrated in the article 


Limitations of the Phenol Process 
While no operating difficulties have been encountered 
in treaUng residual stocks with phenol, at the same time 
difficulUes have been found m finishing these oils after the 
solvent operation This is because of the type of colour 
matenal left in the oil, which cannot be removed with 
clay except by employing excessive quantibes to contact 
the oil If the oil is acid treated, hardly any sludge is 
formed, with the result that coagulabon does not take place 
and the acid cannot be satisfactonly removed Some other 
step IS necessary to produce high-coloured, high-viscosity 
oils directly from residual stocks In this connexion pro- 
pane has been employed successfully m experimental 
treats 

If phenol IS used to treat a very wide cut which includes 
gas oil as well as residual oil, the phenol has a tendency 
to remove an excessive amount of the hght ends Such 
difficulty does not occur if a wide lubricatmg oil fraction 
is used or if comparativdy narrow-cut oils are phenol 
treated 

DescriptioD and Operation of tbe Phemd Fhuit 
Hie plant operates m such a manner that the distillate 
IS contmuousfy treated and separated mto extract and 
raffinate porbons, the phenol being contmuously reclaimed 
and re-used The equipment omsists essentially of three 
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parts a countercurrent treater, a dephenohzing unit, and 
a phenol-recovery unit 

Preheated oil (110-125° F) and phenol pass counter- 
currently through a treater consistmg of seven ‘Leaver* 
mixers, seven settling drums, and the necessary pumps, &c 
Treated oil is drawn from the top of the seventh settling 
drum and pumped to the tank from which the dephenoliz- 
mg unit is charged Spent phenol is discharged from the 
first settlmg drum through a cooler into a settlmg tank, 
which IS maintamed at a temperature of 95-100° F The 
light oil which separates from the cooled spent phenol in 
this tank is recycled to the countercurrent treater The 
cooled spent phenol is discharged to a tank before being 
pumped to the phenol-recovery umt 

The treated oil containing 8-15°„> phenol is pumped 
to a pipe still, from which the heated charge passes to a 
14-plate fractionating column operating under atmospheric 
pressure The phenol commg overhead is condensed and 
flows into a reflux drum A portion of this phenol is 
refluxed down the tower, and the remainder flows to pure 
phenol storage The bottoms of the bubble tower are sent 
to a 6-plate vacuum stripper A portion of the condensed 
overhead from this stnpper is refluxed and the remainder 
recycled to the pipe stiU The bottoms from this vacuum 
stnpper arc rcboilcd and recycled to a point below the 
lowest plate in the stripping tower The bottoms arc 
finally pumped from this tower, through a cooler to 
dephenolized treated oil storage The quantity of phenol 
(0 005%) in this treated oil is negligible 


The phenol-recovery unit is sunilar to, but larger than, 
the dephenohzmg unit The spent phenol containing 
25-30% oil is preheated m a vapour heat exchanger before 
entering the pipe still Pure phenol is taken as a side stream 
from the fifth plate below the top of the bubble tovrer, 
cooled, and then discharged to phenol storage The over- 
head from this tower is chiefly phenolic water The 
portion of this overhead not used as reflux is segregated 
to storage and, when sufficient accumulates, the phenol is 
readily recovered in a small recovery plant The bottoms 
of the bubble tower are sent to a 6-plate vacuum stripper 
The portion of the condensed overhead from the vacuum 
stnpper not used as reflux is recycled with the mcoming 
spent phenol charged to the umt The bottoms of this 
tower are reboiled and finally drawn off, cooled, and the 
dephenolized extract oil is pumped to storage The phenol 
content of this extract oil runs less than 0 07% 


The Future of the Phenol Process 
There is no doubt that the use of solvents in the refining 
of petroleum distillates will increase very greatly dunng 
the next few years and a variety of solvents will be used 
for the production of oils of different qualities for a number 
of purposes Phenol will undoubtedly be used by many 
refineries throughout the world because of its flexibility as 
d treating agent, in that extraction can be made without 
refn^ration, its remarkable stability towards heat, and the 
fact that It can be used in large and small installations 
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THE CHLOREX EXTRACTION PROCESS 

By W H BAHLKE, Ph.D., B S. 

Director of Research, Standard Oil Company {Indiana), Whiting, Indiana 


Chlorex is the trade name for /3)3'-dichlorethyl ether — 
CICH,CH,OCH,CH,Cl It is one of the most widely used 
of the solvents which are employed for producing motor 
oils of improved viscosity index, oxidation stability, carbon 
residue, and other properties, from a given crude, by 
extraction of the undesirable constituents It owes this 
position in large part not only to good solvent powers, but 
to an unusually favourable combination of physical and 
chemical properties 

Physical and Chemical Properties of ChlarcK 


Specific gravity at 68" h I 22 

Normal boiling-potnt, " F 352 

Freezing-point ° F 61 

Flash-point (Oosed Cup), " F 168 

Vapour pressure at 68° F —mm Hg 0 73 

Specific heat at 77“ F 0 369 

Latent heat at normal boihng-point, B Th U ptr lb 115 

Viscosity at 77° F — centipuiscs 2 04 

„ at 352° r— , 0 38 

Solubility m water— weight at 68° F I 01 

at 194" h I 71 


Water is soluble in Chlorex to the extent ot about 0 5 
weight per cent 

Chlorex shows satisfactory stability against heat and 
hydrolysis, as will be discussed later, and is non-corrosive 
to ordinary materials of construction 
It will be noted that Chlorex has a high specihc gravity 
and low viscosity, so that it tends to come to equdibrium 
quickly and to separate readily from the oil layer Its 
freezing-point is low, and its flash-pomt makes it about as 
safe to handle as kerosine Its boihng-point is low enough 
to make possible complete separation from light neutral 
oils, yet its vapour pressure at atmospheric temperatures 
is so low that losses from storage are negligible Its 
solubility in water is low enough to allow steam to be 
used in stripping it from the oil The Chlorex must be 
recovered from the condensed water, but this is very easily 
done in small and simple apparatus The small amount of 
water in the Chlorex has practically no effect on perfor- 
mance and it is not necessary to remove it 
The proper operating temperature for Chlorex extrac- 
tion IS close to atmosphenc temperature— mostly between 
75 and 100° F Hence plants to operate on Chlorex 
require a minimum of heaUng and cooling 
As a result of these factors, Chlorex is peculiarly adapted 
to plants in which spare equipment is available Ordinary 
shell stills can be used for Chlorex recovery, if desired, and 
other spare equipment can be used for tanks, settlers, &c 
This has been a factor m the wide acceptance of the pro- 
cess, Its use IS by no means confined to such conditions, 
however, and several of the plants now in operation have 
been constructed almost entirely of new equipment 

Effects of Chlorex Extraction 
1 Improvement in Viscosity Index Extraction with 
Chlorex improves the temperature-viscosity characteristics 
of lubricating fractions (mcreases the viscosity mdex and 
lowers the viscosity-gravity constant), this was one of the 


prunary objects in view in developing the process Oils 
of Pennsylvama characteristics can be made from Mid- 
Contment oils, and in smaller yield from crudes contain- 
ing still more naphthenes Pennsylvania oils can be further 
improved 

2 Improvement in Colour A fmal finishmg with clay is 
ordinarily required after Chlorex extraction The extrac- 
tion renders this very much more effective, however, and the 
decolorizing effect of a given amount of clay is multiplied 
many fold by the extraction process 

3 Improvement m Stability to Oxidation The effect of 
Chlorex extraction on stability to oxidation is in some 
cases even more important than its effect on viscosity mdex 
By the Chlorex process very stable oils are obtamed, 
whether measured by the Indiana oxidation test, the Sligh 
test, or other methods 

4 Reduction in Carbmt Residue Chlorex extraction 
results m a lowering of the carbon residue of an oil The 
substances removed by Chlorex have an abnormally high 
carbon residue, and unless the amount of material removed 
IS small the reduction in carbon residue is very great The 
carbon residue of oils from Chlorex extraction is rarely 
more than 50% of that of the stock charged and may be 
as httle as 5% 

5 Reduction m Viscosity-Increase m Flash. Normally 
the raffinate oil prepared by Chlorex extraction will be 
less viscous at the ordmary temperatures of measurement 
than the original stock Smee the lower molecular weight 
oils of a given degree of paraffinicity are somewhat more 
soluble m Chlorex than heavier oils, it someumes happens 
that long residua after extraction are more viscous at 
210° F than before, but at lower temperatures the raffi- 
nate will have the lower viscosity Since the flash of a stock 
IS not ordinarily affected by extraction, and since the 
viscosity falls, the use of Chlorex makes possible the produc- 
Uon of oils having a higher flash for a given viscosity 

6 Effect on Pour-point In the case of wax-free oils, 
whether they are obtamed from wax-free crudes or by the 
thorough dewaxing of waxy oils, Chlorex extraction lowers 
the pour-point because it lowers the low-temperature 
viscosity In the case of oils contammg appreciable amounts 
of wax, the effect of extraction is to raise the pour-pomt, 
smee wax is the least soluble component of the oil and 
therefore concentrates in the raffinate 

Ratio of Chlorex Required 

The quantities of Chlorex required m the extraction 
operation are quite moderate In the commercial plants 
now m operation, all of which operate on Pennsylvama or 
Mid-Continent oils, the volume of Chlorex used per volume 
of feed oil varies from i to 

Finishing of Chlorex-treated Oils 

Generally speaking, Chloiex-extracted oils require only 
a moderate amount of clay, either by percolation or con- 
tacting, to produce flmshed oils of satisfactory colour and 
demulsibihty The extracted oils behave much like Penn- 
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sylvania oils towards sulphunc acid and, in case it is desir- 
able for any reason to combine acid treatment with solvent 
extraction, it will be found that it is easier to treat with 
acid before extraction Demxiag way be done either be- 
ton or after extraction If the former procedure is adopted, 
allowance must be made for a possible mcrease in pour 
test on extraction, but m other respects this order of the 
operations is more satisfactory than the reverse order, since 
there is no loss of extracted oil in the wax, and a dewaxed 
oil is easier to handle dunng the extracUon procedure 

Results obtained with Various Stocks 
The plants at present in operation are all devoted to 
the extraction of Pennsylvania or Mid-Continent types of 
oils Laboratory experiments, however, have demonstrated 
that Chlorex can be used effectively on a wide vanety of 
stocks, both as regards viscosity and type of crude Like 
practically all other single solvent processes, the Chlorex 
process is not well adapted to the treatment of oils con- 
taining large amounts of asphalt, such as Mid-Contment 
residua Such stocks are best acid treated or propane de- 
asphalted before extraction The accompanying Table I 
will give an indication as to the results obtainable from 
representative stocks 

In general, a given degree of refinement can be obtained 
with a better yield when the extraction temperature is 
lowered, but a larger amount of solvent will be required 
to attain the given degree of refinement, and the very 


highest degree of refinement can be obtained only at the 
highest temperature The equivalent of about five or six 
theoretical stages will give nearly all the improvement 
possible with a given solvent ratio, though on heavy, dark- 
coloured stocks one or two stages more may perhaps be 
used to advantage to effect further removal of colour The 
determming factor in choosing the required number of 
stages IS sometunes the eifecUveness with which clay acts 
on the raffinate, this is favourably affected by an increasing 
number of stages after their effect on viscosity index has 
become negligible 

Recovery of Chlorex 

It IS quite possible to recover Chlorex by direct heat and 
steam distillation m batch stills, and the first Chlorex plant 
to be mstalled (at Casper, Wyo ) has always been operated 
in this way Some decomposition of the Chlorex occurs 
dunng the latter part of the distillation, forming hydro- 
chlonc acid, and it is necessary to admit ammonia to the 
vapour Ime of the still to keep down corrosion Even 
under these unfavourable conditions, however, the total 
loss of Chlorex (including vaporization, spilling, &c ) is 
about 0 25% per use An atmospheric pipe still and tower 
will reduce the loss considerably By the use of vacuum 
pipe still distillation followed by steam stripping in a 
vacuum the total losses can be brought down to 0 05% per 
use Chlorine in the raffinate is of the order of 0 002 % before 
clay treatment, but is completely removed by clay treatment 


Table I 

Results of CU<H-ex Extraction 


Gulf Coast 
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Chlorex is best recovered from the water m a small 
packed column A few per cent of steam m excess of the 
amount required to raise the water to the boiling-point 
will remove the Chlorex almost quantitatively 
A flow sheet of a typical lay-out using continuous stills 
IS shown in the accompanying figure 
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Plants in Operation 

The first Chlorex extraction plant was started at the 
Casper, Wyoming, refineiy of the Standard Oil Company 
(Indiana) in June 1932 In August 1936 there were seven 
plants in operation, with a total daily charging capacity of 
6.150 42-gal barrels 



Fii. I Flow sheei of Chlorex process 
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THE APPLICATION OF FURFURAL TO THE REFINING OF 
LUBRICATING STOCKS 

By R E MANLEY, M S , and B. Y. McCARTY, M.S. 

The Texas Company 


Introduction 

An ideal refining solvent should effect separation of un- 
desired ‘extract’ matenal from the charge oil without loss 
of valuable ‘rafiSnate* constituents, should be applicable 
to even the highest viscosity oils at temperatures high 
enough to obtam intimate contact and rapid separation of 
raffinate and extract phases in continuous counter-current 
application, and should be stable 
at the maximum stnppmg tem- 
perature employed In addition, 
the solvent must be readily avail- 
able m large quantities at low cost 
and should be relatively non-toxic 
Furfural as a selective solvent 
closely approaches the require- 
ments of an ideal solvent, par- 
ticularly when applied to distillate 
lubncating stocks or residual oils 
of low asphalt content 

The original work on the appli- 
cation of furfural to the selective 
solvent refining of lubricating oils 
IS covered in U S Patent no 
1,550,523 (1925), issued to Egon 
Eichwald This patent discloses 
broadly the use of furfural for the 
purificauon of hydrocarbon oils 
The development of this process 
and Its commeraal application 
were carried out m the laboratones 
of the Texas Company, and the 
first commercial installation was 
made at the LawrenccviUe, Illinois, refinery of the Indian 
Refining Company, where operations were started in 
December 1933 

The raw material source m the manufacture of furfural 
IS agricultural wastes, such as oat hulls, straw, com cobs, 
nce hulls, &c Its production in commercial practice is 
comparati/ely simple, and good yields of solvent arc ob- 
tained from relaUvely inexpensive waste matter The raw 
material source and ease of manufacture ensures an 
adequate supply at a relatively low cost Furfural compares 
favourably in pnee with all the commercially available 
refinmg solvents 

Physical Properties of Foiforal 

The physical propeities of furfural are shown in Table I 
Pure furfural boils at 323^' F at 760 mm pressure The 
vapour-pressure curve for furfural is shown in Fig 1 
The normal grade of commercial furfural usually contains 
small amounts of water and the lower fatty acids Small 
amounts of formic and acetic acid have also been identified 
in the commercial product The acid content of furfural 
in a closed system decreases in the first recovery operations 
and remains at a low point due to the removal of acids 
with water from stripping operations 


Furfural is very stable in plant solvent recovery equip- 
ment, m which temperatures have at tunes been mam- 
tamed as high as 600® F Although furfural darkens on 
standmg, the colour change represents only a very mmute 
amount of actual polymerized solvent, and m a closed 
system m plant operation the solvent remams hght yellow 
in colour Actual volume mventones covermg several 
months of commercial operation of the process have shown 


that the fiufural loss amounts to only 0 0252% of the total 
furfural used This amounts to only 0 0223 gal of furfural 
lost per barrel of oil charged when refining with a volume 
solvent ratio of approximately 2 00 

Table I 

Properties of Furfural 

Structural furmula 



Boilmg-pomt, ° F at 760 mm 323 

Fieezmg-point, “ F —34 

Specific gravity at 60° F 1 164 

Kinematic viscosity at 100° F (centiatokes) 0 907 

Specific beat (68-212° F ) 0-416 

Heat of vaponzabon (29 9 m Hg) B Th U per lb 193 S 

Vapour preMure at 100° F 7 

Tagliabue close<up flash, ° F 138 

Solubility of furfural m water at 100° F , % by weight 6-M 

Critical temperature, ° F 746 

Cnbcal pressure, lb persq m abs 



798 






furfural refinwg unit 
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Furfural is relatively non-poisonous, although/ m con- 
tact with the skin, it is mildly irntating and causes dis- 
coloration In rare cases men will be found who exhibit 
a skm sensitivity towards furfural, but this is not serious 
and no ill effects arc encountered when the solvent is 
handled with reasonable care Low toxicity is an important 
advantage when possible solvent leakage and contact with 
solvent either in liquid or vapour state are considered 

Apphcation of Furfural 

The temperature range of application for furfural is 
considerably wider than for most solvents, and the tem- 
perature of complete solution of paraffinic oil and solvent 
is high Furfural is employed normally in lubricating oil 
extraction at temperatures ranging from 90“ F to 280“ F 
In this range practically any viscous or waxy oil can be 
treated readily Furfural is non-viscous and has a specific 
gravity high enough to settle quickly through the oil 

Counterflow operation is accepted as the method which 
gives the best fractionation of ‘raffinate’ and ‘extract’ 
constituents in solvent refining The high temperatures 
of application of furfural and the difference in specific 
gravity between extract and raffinate soluUon permit 
counterflow operation m cither a packed tower or in a 
stcp-counterflow system This flexibility is not a charac- 
teristic of all commercially developed solvents 

Settling rates of furfural in oil arc not only high, but, 
in addition, furfural selectively wets ceramic or other 
packmg, spreading over the surface of the tower packing 
in a thin film, thus offering a large surface of contact at 
the interface between the two phases and permitting the 
two layers to approach equilibrium quickly The low 
viscosity of the oil layer at high operating temperatures 
offers low resistance to the attainment of this equilibrium 
In step-counterflow operation the high temperature and 
gravity difference results in rapid settling and a minimum 
difficulty from emulsion formation 

The analogy between fractionation by distillation and 
fractionation by counter-current solvent extraction was 
first pointed out by R N J Saal and W J D van Dyck 
[I, 1935] 

As in fractionation by distillation, efficient fractionation 
by solvent extraction requires the use of a reflux Due to 
the high temperature of apphcation of furfural, reflux is 
readily obtained by the use of a temperature gradient 
between the two ends of the counterflow treating system 
The value of this reflux in increasing the efficiency of 
separation has been definitely established by theoretical 
considerauons and actual plant operations The most 
efficient results will be obtained by mtroducing the charge 
oil at an intermediate point m the counterflow system with 
a relatively large temperature gradient in the extract end 
This results m a high reflux ratio m the extract and where 
It IS most needed from the standpoint of yields This type 
of temperature gradient can be easily obtained with fui- 
fural by introducing both oil and furfural at elevated 
temperatures and cooling the extract end of the counter- 
flow system 

When solvent refining paraffin base stocks furfural may 
be applied either to the dewaxed or to the raw undewaxed 
stoc^ The high refimng temperatures ensure all wax 
being in solution, and consequently wax does not interfere 
with setthng On solvent refimng dewaxed stocks a slight 
rise m pour test will occur unless the oil is dewaxed to a 
low pour test, in the order of — 10“ F 


No acid treatment is necessary after furfural refimng 
distillate stocks, as ordinary percolation or contact filtra- 
tion of the raflinate will give a product of acceptable colour 
Generally speaking, however, clay is not very reactive to 
a neutral oil, and if a pale colour (below 4 NPA } is desired 
It is more economical to use a light 98% acid treat of from 
2 to 7 lb per barrel than to cany out all decolonzing with 
clay alone On residual oils, exceptmg the Fennsylvama 
type, and on some heavy distillates, acid treatment of the 
solvent refined oil is necessary for satisfactory colour Al- 
though acid treatment is not practical on Pennsylvania 
type residua, furfural treatment renders the stock much 
more susceptible to percolation or contact filtration 

In general, it may be stated that no rigid rules regarding 
order of refining steps can be laid down, and the most 
economical procedures for different stocks can only be 
determined by investigation 

Furfural Refinuig Plant 

Plant facilities required for the furfural refining of 
lubricating stocks consist of the following main operating 
units 

1 Vertical counterflow extraction tower with preheaters 
or exchangers for furfural and charge oil, together 
with means for charging solvent and oil at a pre- 
determined controlled charge rate 

2 Storage for refined oil solution and extract solution 
tor supplying charge to stnppcrs 

3 Extract stripping unit for combined atmospheric and 
vacuum distillation of furfural from extract solution 

4 Refined oil stripping unit for vacuum distillation of 
furtural from the refined oil solution 

5 Solvent recovery system including condenser, water 
cooler, accumulator drum, vacuum pump, after- 
cooler, and receiver 

6 Two vacuum steam strippers for removal of final 
traces of furfural from raffinate and extract 

7 Separating tower and fracuonator for recovering 
furfural from the steamings and drying of furfural 
prior to Its return to the system 

8 Slop solvent and new solvent storage tanks 

9 Storage tanks for extract and refined oil 

A diagrammatic flow sheet of a furfural refining unit is 
shown in Fig 2 

A commercial plant for furfural refining Mid-Continent 
distillates has been in almost continuous operation for a 
period of 2 years This plant processes an average of 
1,300 bbl per day of waxy distillates rangmg in viscosity 
from 45 sec Sayboltat210“F tolfiOsec Sayboltat210°F 

The unique feature of this plant is the installation and 
successful operation of a packed counterflow extraction 
tower The use of a counterflow extraction tower instead 
of a large number of stages in step counterflow has proved 
advantageous from the standpoint of plant investment in 
equipment, simplified operation, and reduced opcratuig and 
repair costs It should be emphasized, however, that fur- 
fural IS equally adaptable to both continuous counterflow 
and step-counterflow operations Either system may be 
used— the choice depending upon the economics involved, 
the flexibihty desired, and the preference of the mdividual 
refiner 

Table IJ shows the solvent losses in plant operation as 
determined by actual inventories over an 8-month operat- 
ing period It will be noted that the losses gradually 
decreased as line leaks and other defects inherent in a 
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new plant were corrected In the Lawrenceville plant of 
the Indian Refining Company the solvent is arculated 
approximately 8 times in each 24 hours of operation 

Table II 

Average Furfural Losses 
(.Plant Operating Data) 



46-Mtol4gM 
14 8 34 to 12 1 1 34 
Total for period 
31 3 34 to 12 11 34 


furfurat I furfural 
Toial Tola! , i loss ' lost per 

barrels , barrels Oalltms Ibasis barrel of 

of oil , furfural furfural lurfural oil 

treated used loss i used) charged 

79 873 I 132,763 3 243 0-0303 0 0406 

84,228 I 139612 I 2 889 > 00431 ' 00343 

100733 I 212 420 , 2 231 , 0 0232 0 0223 

264834! 324,797' 8 383 0 0380 ' 04)316 


Investment and Operatmg Costs 
Furfural refining-plant installation costs arc dependent 
to a large extent on each refiner's mdividual problem In 
general, the mitial investment for furfural refining is 
relatively low, varying from about $200 per bbl of daily 
charge capacity for units of 500 bbl capacity to about 
$70 per bbl for units having a daily charge rate of 3,000 
bbl Plant design is adapted to the efficient utilization of 
recovered refinery equipment 
In Table III are presented the labour requirements, 
utiliues requirements, and average operating conditions 
of a commercial furfural refiiung unit having a nominal 
capacity of 1,350 bbl of Mid-Continent distillate (all 
grades) per day (2,700 bbl furfural per day ) 


Table III 


Furfural Refining Unit 

Labour requirements 

Hourly 

Labour Hours rate 


Operating Torenidn 4 1 50 

Shift foreman 8 1 25 

Operator 24 0 90 

Helper 24 0 75 

Labourer 3 0 55 


Daily 

S 

600 
10 00 
2160 
1800 
165 


Utilities requirements 


$57 25 


Fuel, 0 0443 bbl of fuel per bbl of charge 

Steam, 151 lb per bbl of charge 

Water pumpmg, 0 943 K.W H per bbl of charge 


Average operabng condiuons— Wax disbllate no 40 stock 
Od charged to plant, “ F 120 

Temperature of oil charged to counterflow tower, “F 195 

Temperature of furfural charged to counterflow tower, 

-F . 255 

Temperature, top of tower, ^ F 235 

.. bottom of tower, ° F 200 

Rabo of furfural to oil charged, by volume 1 97 1 

Fuel distnbubon Extract, % 77-02 

Raflinate. % 22 98 

Plant charge rate (42-gal bbl ), bbl per day 1,330 

Furfural loss (average), % bbl of furfural used 0 0380 


Labour requnements are based on actual operaung 
condiUons, where the operating foreman and shift foreman 
handle other operations in addiUon to the furftiral reiimng 
umL The labour requirements are suflBcient to take care 
of a much larger unit, and umt labour costs on a larger 
plant would be reduced practically m proportion to the 
producUon 


In this plant all pumps are steam driven, exhaust steam 
bemg credited for use in other parts of the refinery Due 
to the use of steam, electric power costs are low A cir- 
culating-water system with a cooling tower is m use which 
reduces the water requirements to evaporation and 
mechanical losses 

The average operating conditions are those m actual 
use and do not necessarily represent the optimum condi- 
tions for a Mid-Continent distillate ProducUon require- 
ments. which forced operaUons well above rated capacity, 
necessitated changes in operating conditions from those 
normally used 

In Table IV is a detailed statement of operating costs for 
a typical operating month Total direct operating expense 
amounts to only $0 1739 per 42-gal bbl of charge 


Table IV 


Operating Costs — Furfural Refining Unit 


(Exclusive of Royalties) 


Operating labour 

Materials, supplies, and others 

Fuel 

Steam power and water 
Total operating 
Repair labour 

Material, supplies, and other 
Total repairs 
Furfural loss 


Unit lost per 
barrel of charge 

S 

0 0366 
0 0033 
0 0496 

0 0493 S 

01388 


00020 
0 0026 

0 0046 
00305 


$0 1739 


It IS felt that the low operating costs shown are quite 
saUsfactory Due to generally improved and simplified 
processing operations, and to the increased value of extract 
over acid sludge, many mstallations will show a lower direct 
cost for a finished solvent refined oil than for the con- 
ventionally acid-treated oil without the use of solvent 

In Table V are presented the tests on the raw lubricaung 
stocks charged to the Lawrenceville plant together with 
the results obtained in the furfural refining-plant operaUons 
Tests are also shown on the same oils dewaxed by the 
Solvent Dewaxing Process using acetone-benzol mixture 
as the solvent 

Attention is called to the fact that this plant was operat- 
ing on the production of oils having viscosity indices and 
other characteristics which are considered to be satis- 
factorily high for supenor performance in service In- 
creases in solvent ratios and modificauons of operating 
conditions would result m higher viscosity indices with 
proportionate decrease in charge rate for the plant The 
yields obtained are parUcularly high, due to the degree of 
selecUvity of furfural as a refining solvent A further 
sacrifice m yields and increased cost of operaUon is not 
considered jusufied for the doubtful advantage of a few 
points mcrease in viscosity mdex 

The fimshing steps employed in the manufacture of the 
low pour-test solvent refold lubneants herein described 
consist in acid-treaUng the raflinate with 2-5 lb per bbl 
of 98% acid, contact neutraluang with 4-12 lb per bbl 
of fine contact clay (not acid treated), and dewaxing with 
acetone-benzol to a pour test below 0° F. The light acid 
treatment is consider^ more efliaent and economical than 
straight percolaUon or contact filtermg, although a saUs- 
factory product can be made by the latter methods using 
no acid 
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Application of Furfural to Various Lubricating Stocks 

Extensive research and development work has demon- 
strated the apphcabihty of furfural to a wide variety of 
lubricating stocks This investigation has demonstrated 
that furfural is particularly adapted to the solvent 
rehnmg of such widely varying stocks as Gulf Coast 
naphthene base distillates and Pcnnsylvama distillates and 
cylinder stocks 

Table VI shows typical results that are readily obtained 
on Pennsylvania distillates and cylinder stocks In these 
examples high solvent ratios and low temperatures have 
been used, but equal yields and quality could be obtained 
by the use of lower solvent ratios and higher tempera- 
tures The action of furfural on steam-refined Pennsylvania 
cylinder stocks renders these stocks much more susceptible 
to clay filtration to a given colour specification, and 
materially lowers the carbon residue 

In Table VII are piesented data on the iurfural refining 
of lubricating distillates from a naphthene base crude 
It will be noted that excellent yields of relatively high- 
quality refined oils are obtained With only light clay 
contact treatment the products have excellent demulsi- 
bility tests 

Table VIII presents data on the fuifural refining of 
distillates from various foreign crudes Here again the 
high degree of selectivity of furfural is of advantage m 
that It gives high yields of a high-quality refined oil 

SUPPLEMENT 

Since the preparation of the original article important 
improvements to the furfural refining process have been 
effected, and a brief description of the changes made are 
presented here (cf Fig 2) The effect of the changes on the 
economy of operation, and the further commercial appli- 
cation to a wide variety of lubricating stocks, arc also 
recorded 

Improvements to Furfural Refining Process 

Recent changes to the design described in the original 
article arc 

1 The installation of cooling means for cooling extract 


mix, and maintainmg controlled temperature gradients 
to increase yields 

2 The use of two or three stages in the recovery of 
solvent from the extract solution The first stage 
being atmospheric evaporation by heat exchange 
against furfural vapours at about 45 lb pressure, the 
second stage a pressure evaporation at about 45 lb 
gauge pressure, and a third stage vacuum evaporation 
cither dry or in the presence of steam or both 

3 The recovery of furfural from the water m the wet 
solvent and the drying of the wet furfural arc carried 
out continuously The recovered solvent is held as 
near extraction temperatures as possible, thus re- 
ducing the amount of cooling and reheating employed 
in the original process 

The cooling of extract solution in the bottom of the 
tower extractor has been accomphshed by both internal 
and external coolers, the choice depending on the prefer- 
ence of the individual refiner Both methods have been 
found satisfactory in commercial installations 

The above changes have greatly reduced the total invest- 
ment for a given size plant and have reduced the fuel 
requirement for the extract evaporator The fuel require- 
ments have been reduced to about 70 % of the requirements 
mentioned on page 1920, under comparable extraction 
conditions 

Direct operating costs have been reduced appreciably by 
the changes in design, and direct costs of the larger units 
are approximately 75 % of the costs shown in Table IV 

Commercial Applications 

At the present time in the United States there are four 
furfural units in operation with a total daily oil charge 
capacity of more than 14,000 bbl 

In foreign countries there are two units with a total 
charge oil capacity of about 1 ,700 bbl /day, and other units 
are under construction, which will increase the charge oil 
capacity to over 4,000 bbl /day 

Domestic units arc processing both residual and distil- 
late oils from Mid-Continent crudes, and Gulf Coastal type 
crudes, while foreign units are processing a variety of dis- 
tillates from foreign crudes 


TABLt V 

Fuifmal Refining Mid-Continent Distillates 


lAght Mill Cnnilnent disnlUtlr Htavy Mid-Continrai disidlatr ' E xtra heavy Mid Conlinent disllllale 
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Table VI 

Furfural Refining Pennsylvanui Stocks 


_ Stock 

Solvent ratio 
Top tower temp , “ F 
Bottom tower temp " F 
Raffinate yield, % by vol 


Gravity, ° API 
Specific gravity at W P 
Hash, • F 
File, ■> F 

Viscosity at 100” F S U 
,. 210” F 

Pour, * F 

Carbon residue, % 

Skgh no 
Viscosity index 
Viscosity-gravity constant 


Gravity, * API 
Specific gravity at 60” F 
Viscosity at 210” F (sec) 


Pennsylvania neuttal Penmvhania 600 S R stock 

1 00 1 90 ' 1 24 2 00 

120 131 193 215 

90 105 177 182 

95 4 912 95 2 93 0 

I Dewaxed Dewaxed 

Charge Rajffinate Raffinate Charge raffinate > raffinate 


30 I ' II 5 32 3 

0 8756 I 0 8681 0 8639 

430 420 420 

495 I 495 495 

179 5 ' 165 6 157 1 

45 5 , 44 9 44 5 

t 15 425 4 25 

0 06 1 0 01 0 01 

43 23 

104 . no 113 5 

0 822 0 813 0 808 


25 9 26 7 27 3 

0 8990 0 8944 0 8911 

565 560 565 

625 630 630 

2 150 2,170 2,103 

147 148 146 

1 25 ‘20 1+15 

2 24 1 55 I 38 

2 1 3 

103 , 103 I 104 

0 813 0 803 0 803 


Extract txtraci Extract Extract 

72 10 0 35 68 

1 0201 1 00 1 0481 1 0231 

100 85 3,165 1,150 


Table VII 

Furfural Refining Naphthene Base Crude Distillates 


Stock 

Lubricating dist n 

20 stock 

Lubricating dist no 

40 stock 1 Lubric 

iting ditt nc 

55 stock 

Solvent ratio 


200 


206 


204 


Top tower temp , * F 


195 


195 


203 


Bottom tower temp , ° F 


170 


175 


170 


Raffinate yield, % by vol 


63 5 


63 3 


73 8 


Extract 





! 



Gravity, * F 


109 


106 


60 


Specific gravity 


0 9937 


0 9958 


1 0291 


Viscosity at 210” F 


67 


152 


901 





Filtered 


Filtered i 


Filtered 


Charge 

Raffinate 

raffinate 

Charge | Raffinate 

raffinate | Charge 

Raffinate 

raffinate 

Gravity, • API 

19 6 

25 1 

25 1 

18 8 24 0 

23 8 18 9 

24 1 

24 1 

Speafic gravity 

0 9365 

0 9036 

09036 

0 9415 ' 0 9100 

09111 09408 

0 9094 

0 9094 

Flash, 'F 

415 

410 

420 I 

480 ' 450 

475 535 

500 

535 

Fire.”F 

465 

460 

1 470 1 

I 535 1 525 

I 535 620 

590 

610 

Viscosity at 100” F S U 

535 


1 366 

^ 1,810 I 928 

915 

1,650 

1,700 

„ 130” F 


161 

1 163 1 

559 I 345 

340 465 

588 

616* 

„ 210” F 

55 1 

53 

i 52 

82 , 70 

70 137 5 

99 

101 5 

Pour, ” F 

-10 

-10 

i -20 

-5 1 0 

-5 +10 

+ 10 

+ 15 

Carbon residue, % 

004 

0 03 

001 

015 ' 0 04 

0 04 0 96 

0 13 

0 13 

Viscosity index 

26 5 


61 5 

-3 5 44 

46 9 5 

66 

67 

Viscosity-gravity constant 

0 886 

0 843 

0 843 

0 881 0 842 

0 844 0 870 

0 836 

0 834 

SB. no 



60 


90 


150 

Oemulsibility 



1,620 


1,620 


1,620 

Navy emulsion 








Water 



4(MO-0-3 


40-40-<M 


40-40-0-5 

Bnne 



40--M>-0-lS 


40-4(M>-15 


40-40-0-15 

Caustic 



4(M(M>-I5 


4(F-(0-0-lS 


40-40-0-30 
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Table VIII 

Furfurcd Refining Distillates from Foreign Crudes 


Stock 

Solvent ratio 
Top tower temp , ° F 
Bottom tower temp , ° F 
Raffinate yield, % by vol 


Extract 
Gravity, ® API 
Specific gravity 
Viscosity at 210° F (sec ) 


Gravity, ° API 
Specific gravity 
Hash. ° F 
Fire, ° F 

Viscosity at 100° F S U 
„ 130° F 

„ 210° r 

Pour, " F 
Carbon residue, 

Viscosity mdex 
Viscosity-gravity constant 


Mexican lubricating distillate 


112 
0 9912 
1S8 


Charge Raffinate \ 
19 4 '27 7 , 

, 0 9377 0 8888 1 

< 485 490 

, 555 555 

' 1,460 , 540 

I 228 I 133 5 

88 5 69 

105 110 I 

I 2 33 0 49 ' 

I 54 108 

0 874 ' 0 815 I 


Dewaxed , i Diwaxed I i 

raffinate ' Charge I Raffinate I raffinate , Charge \ Raffinate 


Filtered 

raffinate 


26 0 23 6 I 33 3 | 31 2 

0 8984 I 09123 . 0 8586 ; 0 8697 

500 I 375 , 380 ' 380 

565 425 , 425 ! 425 

882 ' 196 ' 135 > 168 

, ' 80 

80 45 43 45 

0 ! 95 no , +5 

0 50 ! 095 , 007 

89 ' 77 5 119 109 

0 824 0 866 | 0 805 i 0 815 


I 189 
0 9408 
I 415 
480 
I 580 
I 232 
57 

1-20 
I 0 25 

I 28 

0 890 


27 9 , 27 9 

0 8877 I 0 8877 
435 I 435 

490 490 

345 337 

156 I 157 

53 I 53 

-25 I -25 

0 04 I 0 03 

82 I 86 

0822 0822 
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THE DUO-SOL PROCESS 
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The enhanced value of crudes containing cylinder stock 
has long been recognized, and refiners have gone to great 
pains to conserve the cylinder-stock content of such crudes 
The additional value in crudes of this type lies in the fact 
that the lubricants produced from them have exceptionally 
good viscosity-temperature charactenstics and good 
stability at high temperatures Such lubricants are parti- 
cularly desirable for use in mtemal-combusUon motors 
where ease of starting and resistance to change under the 
high-operating temperatures are of major importance A 
substantial part of these lubricants consists of very large 
molecules which cannot be conveniently distilled tecause 
their boiling-points, even at low pressures, arc higher than 
the temperatures at which they decompose For this reason 
It has been customary to stop the distillation of cylinder- 
stock types of crudes at a temperature low enough to avoid 
all danger of cracking, or, in other words, to carry the 
distillation only to a ‘cylinder-stock residuum’ Such 
residua contain all the asphaltic bodies present in the 
crude along with their quota of other undesirable con- 
stituents common to the distillate oils These additional 
impurities naturally complicate the chemical refimng of the 
residua, but, even so, the viscous lubricants present m 
such crudes are too valuable to be disregarded Hence the 
refining of residua has been considered a necessary evil 
because in no other way could all the lubricating value 
of the crude be satisfactorily preserved It is obvious, there- 
fore, that any method of refining which will advantageously 
handle residuum stocks is deserving of special attention 
because of its economic importance 
Petroleum residua may be considered as consisting of 
lubricants, resins, and asphalts The resins and asphalts 
may be considered as generally undesirable constituents 
The lubricants or oily portions of the crude residua, how- 
ever, still contain certam types of compounds which may 
be loosely described as aromatic, and which experience 
has shown to be relaUvely unstable towards oxygen and 
other reagents, and, therefore, undesirable for most high- 
grade lubricating oils Hence the art of refining petroleum 
residua consists of the proper segregation of the desirable 
lubricants from all the ‘other materials’ present 
For the purposes of this discussion, the ‘other materials’ 
may be designated as asphaltic and resinous bodies as one 
type, and hydrocarbons of an aromatic nature as the other 
type Fig 1 will serve to illustrate, in so far as two dimen- 
sions permit, the approximate distribution of these types of 
compounds in a raw residuum fraction from crude oil 
In the above diagram the vertical axis is mtended to 
show a progressive increase in parafiinicity of the oil from 
bottom to top, and, conversely, a progressive predomi- 
nance towards aromatic types of compounds from top to 
bottom The horizontal axis shows increasing molecular 
weights of the consUtuents from left to nght Values of 
400 and 1,000-f are mtended to be only mdicative because 
actual values would depend upon the length of the resi- 
duum and the nature of the crude 
In general, the most unstable constituents of crude oil 
appear to be the preponderantly aromatic types Such 


types of compounds are to a large extent accountable for 
the formation of sludge in petroleum oils, while the 
formation of carbon in intemal-combustion motors de- 
pends to a large extent upon the presence of compounds 
having a very high molecular weight These have been 
indicated in Fig 1 by two shaded portions, representing 
the asphaltic and resinous bodies respectively It must be 
kept in mind, however, that these are not separate and 
distinct types of compounds as the diagram might indicate 
Actually, there are no definite Imes of demarcation between 
the asphalts and resins nor between the resms and the 
lubricants Each tends to merge into the other by gradual 
and imperceptible degrees, as do the types of compounds 
indicated by the vertical ordinates However, it has been 
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empirically shown by years of trial and error that for each 
crude there is a certain amount of material which must be 
removed m order to produce satisfactory lubricating oils 
Experience has also shown that, quite apart from the 
standpoint of economics and considering only the quahty 
of the fimshed oil, it is unwise to overdo the elimination of 
certam constituents of the crude Refining may be over- 
done as well as underdone 

Referring agam to Fig 1, it may be assumed that the 
desirable part of the residuum is bounded by the lines 
a-c-d, and the remainder is either too aromatic or too 
resinous and asphaltic to be acceptable for a high-grade 
motor oil Inclusion of the material lying outside this 
boundary would result m an oil prone to develop either 
sludge or carbon formaUon or both, depending upon 
whether the mcluded material lay below or to the right of 
the a-c boundary 

In a discussion on solvent refining it is perhaps unneces- 
sary to dwell on the shortcomings of the older lefirung 
methods mvolvmg the use of sulphuric acid and clay It 
IS sufficient to pomt out that a lubricating oil from resi- 
duum stocks, as indicated m the diagram by the or-c-d 
boundary hnes, could not be produced commercially by 
the older methods of refining Such oils were laboratory 
cunosities and served only as a spur to mcrease the efforts 
of petroleum technologists to develop feasible means by 
which similar oils might be obtained on a commercial 
scale The development of solvent refinmg has accom- 
plished this 

Expenments with the vanous appropriate solvents mdi- 
cated that such solvents might be roughly divided mto 
two groups One group was particularly effective m the 
separation of the aromatic type of consUtuents, but tended 
to show comparaUvely httle discnminaUon between com- 
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pounds differing principally with respect to molecular 
weight Such solvents are generally strongly polar and may 
be said to be chemically very discriminating The phenols, 
certam chlor ethers, aldehydes, and ketones, and even 
sulphur dioxide are examples of the ‘chemical’ group of 
solvents The other group of solvents shows particular 
discrimination with respect to the molecular weight of 
the components of petroleum residua, but comparatively 
little selective action with respect to the parafiinicity of the 
compounds Propane and some of the aliphatic alcohols 
are examples of this group of solvents Such solvents have 
good solvent power for the oily part of residua, but tend 
to reject or precipitate the asphaltic and resmous bodies 
which may be present 

The action of both groups may be described by reference 
to the residuum diagram The chemical type of solvents 
will selectively dissolve the lower or highly aromatic 
portion of the oil If, therefore, a typical residuum is 
subjected to the action of such solvents under suitable 
conditions, the oil becomes more and more paraffinic in 
character If the treatment is continued, a final product 
represented by the boundary Imes a-h-d may readily be 
obtained with almost any of the better solvents belongmg 
to this group It has also been shown that, if the treating 
conditions, viz temperature, solvent ratio, &c , are pro- 
perly adjusted for the particular solvent used, most, if not 
all, of the better solvents give about the same yield and 
quality of finished oil from a given raw stock It will be 
noted, however, that the line o-A cuts through the resin 
and asphalt sections of the diagram This means that 
solvents of this type do not completely remove the resinous 
and asphaltic bodies present in a typical residuum, and, 
hence, the so-called raffinates produced by these solvents 
will contain a substantial proportion of the resin and 
asphalt content of the raw stock If the raw stock happens 
to contain only a small amount of resins and asphalts, then 
the amount remaimng in the raffinate may be quite 
insignificant and easily removed by the subsequent clay 
filtration or other finishuig operation. In such cases the 
chemical type of solvent may be adequate to yield a fimshed 
oil which IS entirely satisfactory Some of the Pennsylvania 
crudes will furnish residua of this sort, but the majority 
of the crudes contain too great an amount of resinous and 
asphaltic bodies for the strictly chemical type of solvents 
to cope with effectively Refined oils of the a-b-d class 
may be qmte stable towards oxidation, but are characterized 
by relatively high carbon residue values and are prone to 
the formaUon of carbon deposits when used for the 
lubrication of intcmal-combustion motors 

The physical type of solvents has been described as 
having the ability to dissolve the lubricant portion of 
residua, but to reject the resinous and asphaltic porUons 
If, therefore, a petroleum residuum were subjected to the 
simultaneous action of a chemical type and a physical 
type of solvent, an oil of the a-c-d desenpUon might be 
expected as a result Such a happy combinaUon of solvents 
has been found and developed in what is known as the 
Duo-Sol process The solvents chosen are essentially 
ciesylic aad for the chemical type of solvent and propane 
for the physical type By the suitable adjustment of these 
two solvents with respect to each other and the stock to be 
treated, a remarkable degree of flexibility is obtained and 
a refined oil of almost any desired character may be pro- 
duced from a great vanety of crudes This is readily 
visualized from the diagram because, regardless of the pro- 
portions of the undesirable constituents present in the raw 
m 


stock, a suitable adjustment of the solvents can be made 
to cut at the desired point on either the vertical or hori- 
zontal ordinates Furthermore, it has been found that the 
counterflow action of the propane facilitates the recovery 
of lubricants occluded in the tar, which are ordmarily 
difficult to recover, so that relatively high yields of oil 
refined to a given quality are a characteristic of this process 

In practice it has been found that cresylic acid alone is 
somewhat too soluble at the most convenient operating 
temperatures This has been corrected by the addition of 
phenol to the cresylic acid One of the commonly used 
blends of phenol and cresylic is known as No 2 Acid, and 
for convenience is called selecto It has the following 
specifications 

Phenol 
Crcsols 
Pyndin 
Sulphur 
Water 

Unsaponihablc residue 
Distillation 

5”i 181' C-50"„ 186" C max -95", 195° C max 
t P 202' C max 

Owing to the great flexibility of the Duo-Sol process with 
respect to both the stocks which may be treated and the 
refined oils which may be produced therefrom, it is quite 
impossible to give actual supporting data to cover its 
possibilities in such a limited space There is, however, 
a lower limit to the flash-point of stocks which may be 
successiully treated by the Duo-Sol process, because a 
certain difference in vapour pressure between the stock 
and the selecto must be maintained for efficient stripping 
of the selecto from the raffinate and extract The difference 
in vapour pressure required will depend somewhat on the 
design of the solvent-stripping towers, but a mimmum 
flash-point of about 400° F is desirable for good separation 
of the selecto The following tables, however, will serve 
as examples 

A Mid-Continent crude residuum (Oklahoma City) of 
the following characteristics is being commercially refined 

Charactemtici of Charging Stock 


Gravity "API 25 5 

Specific gravity 60" P 0 9015 

riash, ° F 470 

Viscosity 210 F SU 105 

Pour, " r 85 

vgc 0844 


The above stock passing through the system as described 
below will produce as an end product a raffinate which, 
after dewaxing, yields a finished lubricating oil having the 
following tests 

Table I 

Characteristics of Treated Oil 


Trace 

0 08 maximum 
0 50 


Gravity “API 
Specific gravity, 60“ F 
Flash “F 
Fire, " F 
Pour, “ F 

Viscosity, 210" F S U 
„ 100" F 

Viscosity index 
VGC 


Colour 


Raffinate 


100 

71 


0 800 
8 

0 08 


S 
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Table II 



voc 

Carboo reaulue 


Note Colour indicated 


Mid- 

Conl 


300 

ISO 


3J 

78 3 

I OIS 


31 I 
0 8702 
178 

n0“/97 

0 81S0 
100 
trace 


For other data reference should be made to Table II 
and list of pubhcations appearing at the end of this article 
Fig 2 illustrates the apparatus and essential operations 
required for carrying out the process It is comprised of 
two essential parts, the extraction equipment for contacting 
the propane and selecto solvents with the charging stock, 
and the distillation equipment for the recovery of the 
raffinate and extract from the solvents 
The extraction equipment consists of horizontal cylmdn- 
cal tanks divided into a number of compartments Each 
compartment is provided with an mdividual pump to 
circulate and control the rate of flow of the solutions 
The distillation part of the equipment is complicated by 
the partial misability of the propane and selecto in each 
other This necessitates that this part of the plant be 
designed so as not only to separate the solvents from the 
raffinate and extract, but to separate them from each other 
and return each to its mdividual work tank 
In this flow diagram the equipment servicing the raffinate 
or parafiituc portion is marked P and that for the extract 
or aromatic portion N 

In order to appreciate the actual operation of this 
process the followmg specific description of the flow 
diagram is given The raw material, which is a reduced 
crude of such character that the finished oil will have the 
required physical tests, and the required proportions of 
solvents are mtimately mixed and settled m the compart- 
ments of the horizontal extractors These consist of two 
8-ft diameter tanks, each 75 ft long, one divided into four 
compartments and the other mto five, each compartment 
rangmg from 15-25 ft m length. The propane is pumped 


from the work tank P 5 mto compartment 1 of the ex- 
tractor under sufficient pressure to mamtain flow and keep 
the propane m a liquid state The selecto is introduced 
into compartment 9 from /V 5, each solvent flowing counter 
to the other as they pass through the extractors The 
charging stock is mixed with the lower layer from compart- 
ment 4 and the upper layer from compartment 2 in a tank 
at a temperature sufficiently high to form a solution This 
solution IS cooled to the required operating temperature by 
means of a vacuum-jet refrigeratmg umt of approximately 
300 tons capacity, and enters compartment 3 of the 
extraction system 

These horizontal extractors offer large settling areas, 
and as the propane solution of the charging stock moves 
from compartment 3 to 9 it is thoroughly scrubbed with 
the selecto entermg compartment 9, becommg more and 
more paraffinic m chanter until it leaves the system as 
the upper layer from compartment 9 Conversely, the 
selecto in its journey through the extractors picks up more 
and more aromatic material until it reaches compartment 3, 
where it dissolves the asphaltic material precipitated by 
the propane and then passes on out through the system 
as the lower layer of compartment 1 . The propane entering 
compartment 1 functions as a scrubbmg solvent and ex- 
tracts the more valuable paraffinic consutuents rejected 
from compartment 3, allowmg the process to funebon 
with maximum yields 

The propane or upper layer moves through the extrac- 
tion equipment by the drop m pressure betweoi each 
compartment The lower layer, comprising a solubon 
of aromatic and asphaltic materials m the selecto, is moved 


1927 



Flow diagram of Duo-Sol process 




1928 


SOLVENT-EXTRACTION METHODS OF REFINING 


counterflow to the upper layer by means of individual 
pumps for each compartment The upper and lower 
layers are inbmately mixed through specially designed 
nozzles as they enter the compartment The degree of 
mixing can be controlled by varying the size of the orifice 
in this mixing device, or adjustmg the rate of circulation 
of the lower layer 

The following table shows the progressive changes 
which take place in the parafSnic layer as it passes through 
the various compartments of the extractor, and clearly 
indicates the increase in parafiinicity as mdicated by the 
increase in API gravity and reduction of the viscosity 
gravity constant 

Table III 


Progress of Paraffinic Solution 


Comparl- 


Graxitv, j yiKosity j 
•‘API \2lff‘FSV' VGC 


85 21 2 

90 24 5 

90 ! 25 8 

90 1 25 7 

86 : 27 1 

85 1 28 8 

83 29 3 

83 I 29 8 

78 I 29 7 


108 I 0 855 

94 , 0 832 

83 0 825 

89 I 0 824 

76 0 817 

74 : 0 805 

74 I 0 802 

72 0 799 

77 0 798 


The distillation systems for the separation and recovery 
of the solvents from the respective paraffinic and naph- 
thenic solutions are essentially the same In followmg 
these solutions through the recovery system the aromatic 
layer will be considered first This solution leaves the 
bottom of compartment 1 of the extraction system under 
system pressure, and after being heated by mdirect ex- 
change with the bottoms from W 1 tower is flashed into 
tower N 1 which is held at about 190 lb pressure, the 
propane leaving the top of this tower while the bottoms 
are flashed into tower N 2 which is operated at SS lb 
pressure Over 95% of the propane is removed in these 
two towers The bottoms from N 2 after passmg through 
a steam heater are flashed in tower N 3 where a large 
portion of the selecto is removed This tower is operated 
at 5 lb pressure, and addiUonal heat is added by means of 
circulaUng heat exchangers hung on the sides of the 
tower, 90-95% of the selecto is recovered in this tower, 
the balance being recovered in tower A 4 operating at 


a pressure of approximately 100 mm abs This tower 
operates at a maximum temperature of 600” F , heat being 
supplied to the system by circulating the bottoms of tower 
A 4 through an oil- or gas-fired tube heater Stripping 
steam is used in this toiver, and the extract leaves the 
system containing not more than 0 03-0 05% of selecto 

The paraffinic solution leaving the extraction system as 
the upper layer of compartment 9 passes through similar 
equipment P 1 and P 2 for the separation of the propane 
This solution then goes to E 3, a separating tank, which 
allows the selecto which was held in solution by the pro- 
pane to break out This results in a further purification of 
the paraffinic layer, as the oil contained in the lower or 
selecto layer is much higher in viscosity gravity constant 
than that in the upper layer This lower layer is returned to 
the extraction system at any convenient compartment, such 
as 6, 7, or 8 The upper layer passes on to F 3 where the 
major portion of the selecto is recovered and then to F 4 for 
hnal stripping This tower is supplied with heat from a 
tubular heater simJar to that used for the extract The 
paraffinic oil is substantially free from selecto 

The overhead vapours from A 3 are used to heat the 
charge to F 1 tower These vapours are combined with 
the overhead from F 3, condensed and fractionated in 
IF 1 tower for the removal of the last traces of propane 
and the water that may enter the system in the charging 
stock and that used for stripping in IV 4 and F 4 towers 
The dehydrated selecto leaving the bottom of If' 1 is used 
to heat the charge to A 1 and then returned to A 5 which 
IS the selecto work tank 

The propane recovered from IV 1 at about 2 lb pressure 
and that from A 2 and F 2 at 55 lb pressure is compressed 
to 190 lb pressure and combmed with the overhead 
vapours from F 1 and A 1 These vapours are condensed 
and returned to F 5, the propane work tank The steam 
used for stripping is generated by evaporating the water 
recovered from IV 1 tower Inasmuch as this water con- 
tains a small amount of selecto, this is an effective and 
economical method for its salvage 

The preceding description shows that the extraction part 
of the process is rather simple, while the oil separation and 
solvent recovery is very complicated If it were not for 
the efficient instruments available for the automatic control 
of flow, temperature, pressure, and liquid levels in all 
these various vessels, it would be next to impossible to 
operate the plant successfully 
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GENERAL PRINCIPLES OF REFRIGERATION 

By C O BROWN, M S, 

Chemical Engmeer, Chemical Construction Corporation, New York 


Refrigeration, as used in this section, refers to a lowering 
of the temperature of any fluid, material, or product to a 
temperature below that of the ordinary available cooling 
water or atmosphere This effect is accomplished by the 
use of some chemical having favourable thermal, physical, 
and chemical properties, such as a low specific heat and 
a high value for latent heat of evaporation, called rhe 
‘refrigerant’, or ‘refrigerating agent’ The refrigerant is 
used in some form of compressor, together with equipment 
to confine and bring the refrigerant indirectly into contact 
with the matenal to be cooled Broadly, therefore, 
refrigeration is a problem of the economical flow or transfer 
of heat, having both a technical and financial side 

The principles and steps by which sub-normal tempera- 
tures are produced are not complicated 

Two methods can be used, one wherein any gas, such as 
air, IS expanded from a higher pressure to a lower pressure, 
contacted with the material to be cooled, and is then com- 
pressed, and at the higher pressure it is cooled to the lowest 
temperature possible with the available coolmg water, thus 
completing the cycle This method, although fairly efficient, 
has a lunited application, and practically all commercial 
refrigerating is accomplished by the second method — 
evaporation of a liquid This cycle contains three parts 
First, any hquid when evaporating must be supphed with 
heat equivalent to the latent heat of evaporation This use- 
ftil heat IS supphed largely by transfer from the matenal 
or product to be cooled Second, the temperature at which 
any liquid evaporates to a vapour depends upon the pressure 
of the vapour over the hquid The third fact is that any 
vapour when compressed to a suitable pressure and cooled, 
can be hquefied These three physical changes control the 
art of mechanical refrigeration, producing a continuous 
economical cycle The equipment for coolmg or refngerating 
IS also simple, consistmg of three essential parts — an evapo- 
rator, a condenser, and a compressor — in which the evapo- 
rator contains sufficient surface in contact with the product 
to be cooled to permit the desired amount of heat to flow 
from product to refrigerant The condenser is equipped 
with a throttle-valve to confine the refrigerant and control 
the rate of flow to the evaporator 

Definitions 

Mechandcal Refrigeration implies the use of heat or power 
as a means of extracting heat from any system, fluid, or 
matenal at a relatively low temperature, and discharging 
this heat mto a second fluid at a higher temperature 

Theoretical Horse-power is the production or absorption 
of 550 ft -lb per sec 

Indicated Horse-power The power of a machine as 
calculated from pertinent data, or the power mdicated by 
suitable instruments connected with the mterior of the 
cylmder and capable of recordmg the change of pressure 
throughout the cycle The indicated horse-power value, in 
prune movers, is more than the actual output as the fnction 
of the machme is not deducted 

Brake Horse-power. The power output ofa prune mover, 
or the power mput of a secondary machme as measured at 


the drivmg pulley or the driven pulley by a suitable brake 
or dynamometer 

Common Heat Units. The British Thermal Unit (B Th U ) 
IS the amount of heat necessary to raise one pound of 
water, at or near its maximum density, through 1° F 
The popular metric unit is the Centigrade Heat Unit, 
which IS the amount of heat necessary to raise the tempera- 
ture of one pound of water near its maximum density, 
1“C The Centigrade Heat Unit is 1 8-“ BThU The 
B Th U IS the equivalent of 778 ft -lb , or 0 293 watt hr 
The large calorie is the amount of heat necessary to change 
one kg of water through one degree C , at or near the 
point of maximum density 

Umt of Refrigeration The commercial unit of refrigera- 
tion IS 2,000 lb of refrigeration per day of 24 hr , or ‘the 
ton of refngeration’ This unit is based upon the heat 
absorbed by one ton of ice melting to water in 24 hr The 
latent heat of fusion of ice is 144 B Th U per lb , or 
288,000 B Th U per ton of ice Since this heat is absorbed 
(or hberated) during 24 hr (1,440 mm ) a ‘ton of refrigera- 
tion’ IS also equivalent to a rate of 200 B Th U per mm 

Refrigerant. Any fluid which can he evaporated, its vapour 
warmed and compressed, then cooled and liquefied without 
decomposition, which is not corrosive to irons and steels, 
copper, or brass, can be used to convey heat from one 
system to anotherand in such use is known as a Refrigerant 

Quality of Refrigerant When any refrigerant passes 
from a system under pressure, through an expansion valve, 
to a lower-pressure system some part of the liquid passing 
the valve changes to the vapour phase, thus changing the 
‘ quality ’ of the refrigerant ‘ Quality ’ is defined as the mass 
of vapour per unit mass of saturated mixture 

Cooling Mediums. There are two places in any refrigera- 
tion system where the temperature is lowered (1) in the 
material or product or space where the refrigeration is 
desired, and (2) in the refrigerant, after compression To 
avoid confusion, we will call the fluid on the condenser, 
that cools and hquefies the refrigerant, the ‘cooling 
medium’ It may be air, water, or some other refrigerant 
In all cases where the heat which is removed from the pro- 
duct IS transferred to the refrigerant by some separate flmd, 
this will be defined as the ‘ heat-transfer medium ’ In com- 
mercial plants for ice-making by the tank process, the tanks 
and ice-water actually impart their contained heat to salt 
brme, or to calcium chloride brine, the brine bemg refrige- 
rated m a separate cooler by the evaporating refrigerant 
The use of a ‘heat-transfer medium’ enables the refrigera- 
tion to be distnbuted from a central plant to various 
scattered and distant points, and acts as a storage to supply 
a variable demand 

Absorption System. In one commercial system the 
refrigerant, after evaporation, is absorbed in water, with 
cooling The water solution is pumped to a heater, the 
refngerant boiled off, the pure vapour condensed to a 
iiqmd, and cooled agam A system using this cyde is called 
‘the absorption system ’, and it is used only with ammoma 
as the refngerant 

Compression Systems. A system wherem the refngerant 



GENERAL PRINaPLES OF REFRIGERATION 


1931 


IS recovered after use, by compression in a power-driven 
compressor of one or more stages This name is not 
definitely descnptive as compression of the refrigerant also 
occurs in the absorption system The use of a mechamcally 
dnven compressor lends great flexibility to the system and 
permits of the use of a wide variety of refrigerants 
Evaporation System. This system has become com- 
mercially important only recently, using water as the 
refrigerant In operaUon, water is evaporated at high 
vacuum, the resulting low-pressure water-vapour is with- 
drawn from the system and dehvered to a condenser by a 
recently perfected steam-jet evactor or turbo-compressor 
The latent heat is abstracted from the remaining water, 
lowering the temperature This system is limited to tem- 
peratures above 39 to 40° F 
Adsorption System This type of system is very little used 


can be reahzed When making water ice by means of brine 
circulated outside of rectangular tanks, the heat removal 
IS analysed thus (the losses vary with the size of the plant) 
Useful H'ork done BThU 

To transform 1 lb of water to 1 lb of ice 144 

Cooling water to freezing-point, approx 59 

Cooling ice to 16“ F- (0 5 = sp ht ) 8 

211 

Losses Cooling ice cans heat absorbed by exposed 
brine, cooling air used to agitate the freezing water, 

&c , from 58 to 64 B Th U per lb of ice _62 

Total heat per lb of ice 273 

lo produce 1 ton of ice per day would require 2,000 lb x273 
B Th U -- 546,000 B Th U 

Since 1 ton of refrigeration is 288,000 B Th U per day, it requires 
1 9 tons of refrigeration to produce 1 ton of water ice under the 
above conditions 



Ho I 


The pressure of the refrigerant is reduced and evaporation 
continued, by adsorbing the gaseous refrigerant in some 
material, such as the common gels, or active carbon After 
adsorption ceases, the loaded gel is heated to recover the 
refrigerant 

Condensers. The heat-exchange apparatus, wherein the 
refrigerant is cooled and liquefied by the cooling medium 

Expansion Valves. The special valve which confines the 
refrigerant under its vapour pressure in the storage tank 
or receiver, and controls the amount of refrigerant passing 
to the lower-pressure evaporator or cooling coils, is called 
an expansion valve 

Rating of Refrigeration Systems The rating or capacity 
of refngeraung machines is given in ‘Tons of Refrigera- 
tion ’ Different makers of equipment usually specify more 
or less ngid conditions, all of which must prevail during 
a rating test For example, to meet the guaranteed rating, a 
machine operates between two temperature limits, over 
a definite pressure range, and when only liquid refrigerant 
at a definite temperature reaches the expansion valve and 
only gaseous refrigerant is delivered to the compressor In 
some cases pte-cooling of the hquid, and some superheat 
in the gas, is speafied 

Ftrom the ratmg of a machine one must subtract all the 
losses of the system to arrive at the useful cooling which 


Description of Systems, Theory and Application 

P pump for strong aqua NHj, 

S spring safety-valves, 

y - shut-off valves. 

V' - regulating valves, 

V- expansion valves, 

T thermometers, 

C ^ pressure gauges 

Fig 1 represents diagrammatically the equipment and 
flow of materials in a continuous absorption system, where 
brine is used as the heat-transfer agent, ammonia as the 
refrigerant, and water as the coohng medium 
The absorber, continuously cooled with water, contacts 
gas with weak ammonia solution, absorbing the ammonia 
and thus reducing the pressure in the absorber below that 
in the evaporator, a condition that permits the liquid 
ammonia m the evaporator to evaporate continuously, 
coohng the system brme. Pure ammonia gas is recover^ 
from the strong ammoma solution leaving the bottom of 
the absorber, by pumpmg it through a heat exchanger to 
the rectifymg column of the generator Here the soluuon 
IS heated by direct heat or by steam, pure ammonia gas 
leavmg the soluuon unUl equilibrium corresponding to the 
higher temperature is obtamed, the ammoma gas passmg 



1932 


DEWAXING 


continuously to the condenser, and the weak solution pass- 
ing through the heat exchanger to the absorber to complete 
the cycle The condenser cools and liquefies ammonia gas 
which collects m a suitable storage, ready to enter the 
evaporator, as regulated by the expansion valve 
It IS most difhcult to predict the performance of an 
absorption system by calculations, but by means of nume- 
rous gauges and thermometers, the best operating practice 
can be determined Heat enters the system in the steam from 
the generator Hu in the brine from the evaporator coil 
and in the energy used for the pump, converted to its heat 
equivalent, Hy Heat leaves the system in the water from 
the condenser water from the absorber //,, in the con- 


By using ammonia as the cooling medium of the carbon 
dioxide condenser, making part of this condenser the 
ammonia evaporator, a compound or split-stage cooling 
system results The split-stage principle, applied to 
ammonia and carbon dioxide, has advantages and dis- 
advantages, which may be summarized as follows 

Advantages 

Lower first cost of equipment for a given capacity. 
Lower temperatures attainable. 

Very high vacuum on the NHj compressor intake is not 
required, and high positive pressure on the CO| con- 
denser IS unnecessary 



densate from the generator heating coils //,, and by a net 
radiation loss ff, That is, heat flows into the system in 
those parts below atmospheric temperature, but a larger 
amount is radiated to the atmosphere by the equipment at 
temperatures above atmospheric The system heat balance 
may be expressed by 

H^+Hi+Ht -= Hi r/fi + //,-[ Hu 

and the approximate overall efficiency by 

Ht 

The industrial use of the absorption system is decreasing 
because of the lower cost and greater flexibility of the other 
systems available 

The absorption system requires more apparatus, more 
space, and higher first costs than the various compression 
systems, but has the advantage that steam and fuel heat 
can be used directly, and the only movmg machinery con- 
sists of small liquor pumps Absorption systems are 
operated intermittently or continuously 

Comprestdon Systems. 

Fig 2 represents the schematic layout of two simple 
compression systems The system on the left uses ammonia 
as the refrigerant, water as the cooling medium, and a 
smgle-stage compressor The system on the ri^t uses 
carbon dioxide as the refrigerant, ammorua as the cooling 
medium, and a smgle-stage compressor 


Disadvantages 

Requires more power to operate than a two-stage 
ammonia system. 

Great care must be used to keep the systems separate as 
CO, and NH, under pressure react most violently 

A brief description will explain the operation of this 
system 

Ammonia in liquid form (from cylinders) is charged into 
the liquid ammonia receiver in sufficient quantity to pro- 
vide hquid in the evaporator, to fill the system with gaseous 
ammonia, to allow for some liquid ammonia to hang up in 
the condenser, and still leave enough liquid in the storage 
receiver to fill and operate the level valve As soon as the 
compressor is started, the ammonia pressure in the suction 
line becomes less and the condenser pressure increases to 
a value higher than corresponds to the pressure of satu- 
rated ammonia gas at the temperature of the cofidenser, 
and then gas passes to the liquid phase and the pressure 
remains constant The heat of compression and the latent 
heat of evaporation are transferred through the metal of 
the condenser to the coohng water m the tubes It is 
apparent that the work of the compressor decreases, the 
lower the temperature of the coohng water As liquid 
ammonia forms, it flows by gravity (in most cases) to the 
receiver, which serves as a storage of liquid, feedmg the 
automatic level valve, or hand-controlled expansion valve 
The apparatus just described comprises the ‘condensing’ 
or fai^-pressure side of the system, the pressure is de- 
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veloped by the compressor and retamed by the expansion 
valve After passing the expansion valve the liquid 
ammonia flows readily to the evaporator, the automatic 
float valve, or expansion valve, maintaining a supply of 
liquid NH| in the body of the evaporator As long as the 
compressor is operaUng, ammonia gas is withdrawn from 
the evaporator reducing the pressure below that corre- 
sponding to the pressure of ammonia at the temperature 
desired m the evaporator, and the ammonia boils, the 
required latent heat being supplied by both the ammonia 
(liquid) lowering its temperature, and by the product which 
It IS desired to cool In Fig 2 this product is carbon 
dioxide The part of the system just described is called the 
‘ low pressure ’ or evaporator side of the ammonia system 

Considering the above system, it is quite apparent that 
the principal heat flows are, as in the absorption system, the 
heat extracted in the condenser from the refrigerant and 
to a lesser amount in the compressor coolmg water, and 
the heat entering the system in the ammonia evaporator, to 
vaporize the refrigerant It is obvious that the theories of 
refrigeration are those of heat transfer and are based upon 
the Laws of Thermodynamics In the systems described 
the refrigerant circulates around the plant m continuous 
cycles, heat entering the refrigerant from the product and 
leaving by the condenser water This may be expressed by 

//, — heat absorbed by refrigerant in evaporator, 

Hz — heat equivalent of power to drive compressor, 

Hz - heat removed in condenser water, 
and equated by 

Hz - Hz 1 Hz 

The efficiency of any system can be expressed as 
refrigeration produced Ff, Hz 

the power, as heat, to Hz Hz~Hz 

drive the compressor 

To design a refrigeration system, or to analyse one m per- 
formance, It IS necessary to have complete data on the 
Thermodynamic properties of the refrigerant This in- 
formation IS used in three ways 

1 If a process occurs at constant pressure, the change 
in heat content is equal to the heat added, or taken 
away 

2 When a fluid is compressed adiabatically, the differ- 
ence in Its heat content between compressor sucUon 
and discharge is equal to the heat equivalent of the 
work of compression 

3 When a fluid is expanded, as in the expansion valve, 
there is no change in heat content except by the heat 
added or subtracted 

Tables of thermodynamic properties of the refrigerant 
[3, 1916] furnish a means of calculating the various heat 
quantities and work required in an ‘ideal’ refrigerating 
system, i e one in which losses due to friction, inefliciency 
of certain mechanical parts, radiation, and heat leakage are 
not considered After obtaining the characterisucs of the 
ideal system, the necessary modifications can be made to 
give actual performance data, based upon good chemical 
engineering pracucc 

The use of the tables can be made clear by giving an 
example based upon the compression system shown m 
Fig 2, for which the following conditions apply The water 
available for the ammonia condenser has a maximum 
temperature of 80° F The condenser can be designed to 
produce a temperature of 8S° F in the saturated ammoma 
vapour The carbon dioxide is condensed at 10° F and, 


here again, a reasonable heat head is S° F , so that the 
ammonia boiling in the evaporator must have a tempera- 
ture of 5° F Given these conditions, the following design 
data can be obtained from the tables given in Bureau of 
Standards Circular, no 142 [1, 1923], to which the page 
numbers given here apply 

1 The refrigerating effect per lb of ammonia — which is 
the heat transferred from carbon dioxide to ammonia By 
No 3 above, this quantity is the difference between the 
heat content of saturated vapour at 85° F, or 137 8 
B Th U per lb (Table I, p 20), and the heat content of 
saturated vapour at 5° F , or 613 3 B Th U per lb This 
difference is 475 5 B Th U taken out of the COj per lb of 
ammonia evaporated 

2 Pressure on ammonia gas in evaporator (or omitting 
the friction of the piping in this ideal system, this value is 
also the suction pressure of the compressor) From the 
above conditions the temperature of this refrigerant is 5° F 
and in Table 1, p 19, the pressure is read directly as 
34 271b persq in abs To specify the compressor capacity 
one must know the volume of ammonia under 34 27 lb 
per sq in pressure, which is also read from the table as 
8 15 cu ft per lb 

3 Disregarding pipe friction what must be the conytressor 
discharge pressure to deliver ammonia gas into the con- 
denser at 85° F Onp 20, Table I, the pressure of saturated 
vapour IS found to be 166 4 lb per sq in abs , at a tem- 
perature of 85'^ F 

4 What IS the temperature of the superheated gas at the 
compressor outlet ^ What is its volume per lb ^ This is 
based upon the temperature of the gas at the compressor 
inlet, 5° F The entropy of saturated vapour at 5° F = 

I 3253 The condenser pressure is 166 4 lb per sq m abs 
The temperature of the vapour at this value of entropy 
and 166 4 lb per sq in is found on p 44 Only values for 
160 lb per sq in and 170 lb per sq in abs are given, and 
the desired values, 206 7“ F and 2 393 cu ft per lb , are 
obtained by interpolation 

5 What IS the work done by the compressor^ This value 
IS found fiom the tables, being the increase in heat content in 
the gas between compressor inlet, 613 3 B Th U per lb , and 
compressor discharge (interpolated value from p 44), 711 1 
B Th U per lb , i e 97 8 B Th U per lb of ammonia 

6 What quantity of heat is removed by the condenser per 
lb of ammoma^ This value is the difference between the 
heat content of superheated vapour at 206 7° F , or 
711 I B Th U per Ib , and the heat content of saturated 
liquid at 85° F , or 137 8 B Th U 

7 What IS the quality of the liquid after passing the ex- 
pansion valve, under the above conditions'' This value is 
found from the equation 


Quality 


'heat content h of 
sat liquid at cond 
,temp 


(heat content of sat 1 
(liquid at evap temp / 


heat content H of 
sat vapoursatevap 
,temp 


[heat content of sat | 
\ liquid at evap temp i 


Using the conditions set above, the equaUon is 

Am -hz 


Hz -~A». 


= quality 


137 8-48 3 89 5 „ 

613 3-48 3 56r0 ° 

0 1584 lb of gas is mixed with 0 8416 lb of liquid in the 
saturated mixture 
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8 How many lb of NH, per nun must be circulated per 
ton of refrigeration’ 

A ton of refngeration is a continuous flow of 200 B Th U 
per mm From No 1, it was shown that the refngeraUon 
effect of 1 lb of ammonia in the system conditions here- 
with is 475 5 B Th U per lb 

47^5 ^ ^ refngeraUon 

9 The Horse-power required per ton of refrigeration, 
under the above conditions 

The heat equivalent of the work of compression was 
found to be 97 8 B Th U per lb of ammonia 1 B Th U 
IS equivalent to 777 46 ft -lb of work, and 0 4206 lb of 
ammoma are to be circulated per mm 


HP 


9^8 x 04206 x 777 46 
33,000 


0 97 HP per ton of 
refrigeration 


10 The ratio of the heat transferred to the refrigerant 
evaporating and the heat equivalent of the work of 
compression is called the ‘performance coefficient* For 
the ideal refrigerant, between S^F and 86° F the co- 
efficient IS given as 5 74 [2, 1923] Under the conditions 
described here, the coefficient of performance for the 
ammonia system is 


475 5 B Th U 
97 8 B Th U 


4 86 


The numerical values of the properties of a fluid can 
be expressed graphically as well as in the form of tables 
Such charts were introduced by Mollicr, who plotted 
pressures as the ordinates and heat content as abscissa. 
Since any two properties may be used to develop such a 
chart, some preference has been shown for a chart based 
upon ‘total heat’ as ordinates and ‘entropy’ as parallel 
segments at a proper angle to the ordinates It is not neces- 
sary to go mto the construction of such a chart as well 
designed copies arc readily available for a variety of fluids 
[4, 1927] 

The use of such charts makes the analysis of the variation 
in the heat content rapid, convenient, and sunple The 
amountof information quickly available on such a c^rt may 
be seen by a chart analysis of the carbon dioxide system 
shown in Fig 2, usmg the Totel Heat Chart Fig 3 In 
that split-stage system, there is one fixed condiUon m the 
COt condenser, which has a temperature of 5° F Allowmg 
for a reasonable resistance to heat flow, the workmg 
temperature on the CO, side could be 10° F This is used as 
the starting-point in laying out the ‘diagram’ on the chart, 
located at point (1), 10° F (— 12° C ) and 362 lb per sq 
in abs The liquid CO, passes to refrigerator coil through 
expansion valve £^,, no heat is lost or added, only the 
quality of the refngerant is changed, so the line 1-2 is 
drawn at constant heat — ^parallel to constant heat line— 5 
Assume that it is required to keep the refrigerator coils at 
— 33° F (— 36° C), a temperature not economically reached 
by ammonia refrigerant in one stage of compression 
Point 2 IS fixed by the evaporator condition — 33°F 
(—36° C ) On the nght-hand side of the chart above the 
saturation line the — 36° C temperature hne intersects the 
saturation line at the 170 lb constant pressure line There- 
fore, the line 1-2 is drawn at constant heat content from the 
saturation boundary line at point (1) to the 170 lb pressure 
Ime, locating point 2 Evaporation is one process takmgplace 
isothermally, and the line 2-3 is drawn at constant pressure 
to the saturation line, locating pomt 3 Next, compression 


of the vapour occurs at constant entropy — adiabatically, 
represented by the line 3-4, along a hne of constant entropy 
The point 4 is located by the condenser temperature, con- 
troll^ by the ammonia evaporator temperature of 10° F 
(— 12° C), and the corresponding pressure of 362 lb per 
sq in Condensation takes place at constant pressure along 
the Ime 4-1, and the diagram representing the cycle for 
CO, IS complete From this diagram the followmg data 
are easily obtained 

1 The refrigerating eflea per lb of carbon dioxide 
evaporated is read directly from the difference in heat con- 
tent at point (2) —56 and point (3) 56 8, a total of 62 4 
BThU per lb of CO, 

2 The pressure on the CO, in the refrigerator is read 
directly from the intersection of the —36° C temperature 
line With the saturation curve, approximately 170 lb per 
sq in 

3 Disregarding system friction, the discharge of the 
compressor is read from the chart at point (4) which is 
3621b persq in abs 

4 The temperature of the gas at the compressor outlet 
IS read from the intersection of the temperature lines at the 
right of the chart and the pressure line 362" F The value 
IS about 72° F (22° C ) 

5 To find the work done by the compressor per lb ot 
refrigerant, it is only necessary to subtract the heat content 
at pomt (3) 56 8 B Th U per lb , from the heat content at 
(4) 64 9 B Th U per lb , a difference of 8 1 B Th U per lb 
This IS converted to H P by the calculation shown m the use 
of the ammonia tables under No 9 

6 The heat removed by the condenser is read directly 
from the chart as the difference m heat content at point 
(4) 64 9 B Th U and at pomt (1) 5 7 B Th U , totalling 70 6 
B Th U per lb of refrigerant 

7 The ‘quality’ of the hquid is also read directly from 
the chart Pomt (2), representing the refrigerant about to 
enter the evaporator after passing the expansion valve, is 
located between lines of constant dryness 0 1 and 0 2 and 
pomt (2) has a value of 0 13 13% of the liquid has been 
vaporized by throttling passing the expansion valve 

8 The weight of refrigerant which must be circulated per 
ton of refrigeration is the heat absorbed by 1 lb of CO, 
evaporating under the specific conditions 62 4 B Th U per 
lb divided mto 2(X) B Th U per mm 


200 
62 4 


== 3 21 lb per mm 


9 The energy required to compress the gas (not including 
friction and inefficiency of compressor) is found by a 
calculaUon similar to the expression for power for ammoma 
compression. Paragraph 3 gives the heat equivalent of the 
work of compression as 8 1 B Th U per lb of CO„ 3 21 lb 
are to be circulated per mm , and 1 B Th U — 777 46 ft -lb 


HP 


8 1x321 x777 46 

■33,‘obO 


0 613 h p per ton of re- 
frigerant 


It will be noUced that the use of thermodynamic tables 
wiU perhaps give more exact values than the average chart 
The size of the chart and quahty of printmg will con- 
tnbute a great deal to the accuracy of results 


Multiple-stage Con^restion Systems. 

In mechamcal refngeration it is the weight of the 
refrigerant, which passes through the cycle m umt tune, 
which fixes the amount of coolmg done, and not tiie volume 
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of refrigerant But, in any compressor, the volume of the 
cylinders is a characteristic permanently fixed by design, 
size, and speed of rotation The quantity of vapour handled 
by the machine is, therefore, nearly a function of the 
volume The volume of unit weight of any gaseous re- 
frigerant varies inversely as the pressure, and directly as the 


of refrigeration would require a compressor 3 05 times as 
large, with increases m the first cost of the machine, and in 
cost of operation because of increased friction losses m the 
larger mechanism Since the cost of refrigeration is largely 
the cost of transferring heat or power, any modification 
of the mode of compression to a more efficient cycle will 



temperature These factors, therefore, vaiy the weight of 
refrigerant handled, or the capacity of the machine over 
wide limits At +5° F , ammonia vapour has a specific 
volume of 8 1 5 cu ft per Ib If a compressor has a dehvered 
volume of 8 15cu ft per min at normal speed, it will handle 
1 lb. of ammonia per mm , havmg a temperature of 5° F If, 
however, the requued temperature m the refrigerator is 
— 40*F, at which temperature the specific volume of 
ammonia is 24 86 cu. ft per lb , to deliver the same amount 


reduce this major cost The most direct method for the 
reduction of the power of compression is to reduce the 
‘compression ratio’, that is, to compress m stages, remov- 
mg the superheat from the gas between each stage This is 
universally used when compressing gases to high pressures, 
and It IS used m refrigeration with refrigerants which super- 
heat highly on compression, such as ammonia and carbon 
dioxide Rotary boosters are much lighter and less 
expensive than reciprocating compressors Further, the 
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first, or low-pressure stage of a multi-stage compressor, 
contams much more than its proportional part of the weight 
and fnction load of the machine For this reason, in some 
ammonia systems, a rotary compressor is substituted for 
the first stage to draw the low pressure gas from the 
evaporator, compress it to a moderate pressure, cool the 
gas and then deliver it to a second-stage reciprocating com- 
pressor In refrigeration work the number of stages seldom 
exceeds two It is seen that any two-stage system also offers 


evaporator Steam at high veloaty picks up the water 
vapour, compresses it to a pressure at which it will condense 
by direct contact with water in the condenser at prcvailmg 
temperatures The remaming water vapour and non- 
condensable gases are pulled out of the system by a second 
steam-jet vacuum pump The condensed water, mixed 
with cooling water, is removed from the condenser by a 
pump 

Several modifications of this system are possible If the 



Fig 5 Brake horse power per ton of refrigeration (1 1 15 y I H P ) 


the possibility of developing cooling at two different levels 
of temperature It is not necessary that each compressor 
handle equal amounts of refrigerant 

Evaporation Systems. 

Evaporation systems are so called because the refrigerant 
evaporates, but is not recovered or returned to the system 
For this reason the refrigerant used is the lowest cost 
material available, water, or some saline solution, from 
which It IS desired to recover the salt 

First, a brief description of the apparatus as represented 
in Fig 6 will clarify the operation on which the theoiy is 
based Assume that water at 40° F is desired for the cool- 
ing of an oil product This water after cuxailatmg as a 
heat-transfer medium through the cooling coils, absorbing 
heat from the product, enters the evaporator m which a 
high vacuum is mamtamed by the rapid removal of water 
vapour from the boding water in the body of the 


coils containing the oil product to be cooled are not too 
bulky, or do not have to be cleaned too frequently, these 
coils may be placed within the evaporator, saving piping, 
heat losses, and the circulating water pump If it is desired 
to recover salt from a warm saturated brine, the brine may 
be run into the evaporator directly, and concentrated and 
cooled One should note that the heat-transfer medium 
becomes the refngerant, and later becomes the cooling 
medium 

Since water is the refrigerant, this system is limited to 
cold temperatures above the freezing-point of water In 
operation the system works as follows The steam-jet 
compressor is put into operation, maintaining an absolute 
pressure of m of Hg m the evaporator When water at 
ordinary temperatures of 70° F is admitted to the evapo- 
rator, it immediately flashes to vapour and is remo^^ 
The latent heat of evaporation of water at i in Hg abso- 
lute IS 1069 3 B Th U This heat is all supplied by the 
remaining water m the evaporator (omittmg Imt leakage) 
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It IS desired to lower the temperature of this water 30° F 
(70° F —40° F ) and the weight of water required is 


1069 3 
" 30' 


35 6 lb 


By this direct method the evaporation of 1 lb (2 8%) of 
the water has lowered the remaining 35 6 lb of water 30° F , 
or less than 1 % of the total water is evaporated for each 
10° F cooling obtained 

The volume of 1 lb of water vapour at 0 25 in Hg 
pressure absolute is 2,400 cu ft In the example above to 
obtain 1 ton of refrigeration 

3 wttter must be evaporated 
= 0 187 lb per min 

This vapour has a volume of 450 cu ft which indicates 
that the size of any displacement compressor to handle this 
vapour would be unreasonably large, and when only dis- 


The comparabve vapour pressure of the common refrige* 
rant is given in Fig 7 

Carrier and Waterfill have given a comparison of some 
of the common refrigerants as follows, based upon 1 ton 
of refrigeration at 5° F to 86" F 

Table I 




Ideal cycle ' , 

Ammonia -28 | 0 4214 I 144 

Propane i -48 6 I 396 I 3 31 

Carbon dioxide -110 0* .3 74 I 0 999 

Sulphur , ,-114 I I 388 I 9 24 

Dichlorocthy- I ' 

lene 98 6 I 1 768 \ 108 4 

Water 212 ' 0 1996 1972 0 

* Sublimed 



0 821 


0 9668 

1 843 
0995 


100-0 

84 5 

85 0 
446 
82 5 


0918 894 

1 15 I 71 5 



placement compressors were available, this evactor system 
was not used 

With the development of efficient steam-jet compressors, 
wherein at 150 lb pressure steam velocities of 4,000 ft per 
sec are reached, this type of system becomes an efficient 
one with many advantages There is no risk from explo- 
sions, as high gaseous pressures arc impossible There are 
no poisonous chemicals used The only moving parts are 
the rotors of small pumps 

Refrigerants. 

When selecting a refngerant, the combustibility of the suit- 
able chemicals must often be considered before their thermal 
properties The following division of the more common 
refrigerants can be made, into Group 1, which are non- 
inflammable, but which have toxic properues, and Group II, 
refrigerants which are to some extent inflammable and toxic 
Only water and air are free from both of these objecUons 
Croup / Group II 

Carbon dioxide Ammonia 

Sulphur dioxide Butane 

Nitrous Oxide Carbon bisulphide 

Carbon tetrachloride Methyl chloride 

Dlchlorodifloromethane Ethyl chlonde 

Dichlormethane Propane 

Trichlorethylene Chlorofoiin 


The selection of the proper refrigerant from the list of 
those available, or the development of better refrigerants, 
has occupied research investigators for years The require- 
ments, however, are so varied that no one chemical can be 
picked, excluding all others 

The ideal refrigerant should have a boiling-point high 
enough so that the system is under a slight pressure to 
avoid air leakage into the apparatus This refrigerant 
should not decompose under any operatmg condition and 
must not be corrosive to iron or non-ferrous metals, and 
when mixed with air it must not be explosive or toxic These 
broad requirements have limited the field to the several 
chemicals listed in this chapter, and many of the character- 
istics mentioned in this paragraph are given more weight 
than the thermal properties and performance coefficient of 
a refngerant 

Considering the efficiency of a refngerant, three factors 
are important Its vapour pressure over the temperature 
range of the available cooling water should be a small posi- 
tive pressure Its volume, per pound of refrigerant, should 
be as small as possible The latent heat of vaporization, 
which IS approximately the measure of available cooling 
capacity of a refrigerant per unit weight, should be as high 
as possible, and its specific heat as low as possible The 
advantage of low specific heat is at once apparent from the 
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process taking place m the expansion valve On reducing 
the pressure from condenser pressure to evaporator pres- 
sure, some hquid must evaporate to cool the refrigerant to 


temperature corrcspondmg to the lower pressure The 
amount of liquid lost is a function of the specific heat, and 
when this property is a low value, less refrigerant is 
vaporized and more of the liquid refrigerant is available 
for evaporation and cooling 

Ammonia 


Fig 7 Vapour pressure of rerngerants 

years syntheUc ammoma of the highest purity has been 
available everywhere at a constantly decreasing price, and 
taken with all other favourable factors, ammonia heads the 
list of refrigerants, especially m large commercial uses. It 
will bum, if heated, and mixtures of aitunoma vapour and 
air m concentrations from 13% to 27% are explosive 
Its characteristic odour reveals leaks promptly, and very 
httle danger from poisonmg need be feared nnHs a 
person is trapped or unconscious and thus exposed a long 
time 

Dry ammoma is non-corrosive, but it is usually used only 
in all iron systems, as traces of moisture, forming hydroxide, 
causes it to react with copper and brass alloys Wet 
ammoma also forms emulsions with some grades of 
lubneatmg oils, seriously lowermg the usefulness of the oil 
Propane. 

The vapour pressure-temperature curve for propane is 
near and sinular to that for ammoma Very httle is known 
about Its toxic properties, but real exposure to the concen- 
trated vapour for 1 or 2 hours will produce anaesthmia The 
propane-air mixtures are, of course, quite explosive. Its 
chemical activity is very low, and m cases where ammonia 


has been found objectionable because of the presence in 
the same equipment of acid or chlorine, propane has been 
substituted in the same compressor and equipment 

Carbon Dioxide. 

A very important refrigerant It is non-corrosive, 
non-toxic, and not only inflammable, but a combustion 
inhibitor It is odourless and harmless in contact with food- 
stuffs Persons subjected to the pure gas suffer from lack 
of oxygen When used as a refrigerant at temperatures 
below — 60”F some troubles may be encountered from 
needle crystals of water ice, and perhaps also solid CO, 
snow Although carbon dioxide 
has no effect on, or reaction with, 
lubricating oil, it must be remem- 
bered that It is usually used for 
very low temperature work and 
the lubricating oil must be suitable 
for such low temperatures 

Sulphur Dioxide. 

Best known as a refrigerant in 
small household machines although 
fast losing this position to com- 
plicated, high molecular weight 
compounds, such as dichlorodi- 
fluoromethane It is a very stable, 
colourless gas, but with a most 
objectionable suffocating odour, 
It is non-corrosive, when dry, to 
iron, copper, or the brasses It has 
no effect upon the proper lubrica- 
ting oil, but since liquid sulphur 
dioxide is Itself used m the puri- 
fication of some oils, the lubri- 
cating oil used in sulphur dioxide 
machines must be highly refined 
and as free from moisture as pos- 
sible It should be noted from 
Table I that the compressor in 
any sulphur dioxide system must 
have a displacement capacity three 
times that of ammonia machmes 
and ten times CO, machines, for umt refrigeration 
effect 

Dichloroethylene. 

This fluid IS the symmetrically chlorinated compound of 
ethylene CHCl CHCl Its boiling-point of 98 6® F and 
freezing-point of —70“ F give it advantageous properties 
as a refrigerant It is used to a great extent m rotary dis- 
placement compressors Its use as a refngerant has some 
comphcations While it is non-corrosivc to metals when 
dry. It IS toxic to humans, and mfiammable It is stable at 
temperatures up to 600° F , but must not contact 
or decomposition results It has solvent properties and 
dismtegrates or dissolves rubber, cellulose, oils, fats, waxes 
and resins, and shdlac 

The hi^ solubility of oils in this refrigerant tends to keep 
heat-transfer surfaces clean and materially decreases the 
heat bead necessary for the required heat transfer by the 
constant removal of any film of oil on the walls or tubes 
of the condenser or evaporator The explosion risks are 
serious at concentrations as low as 3 5% The large 
volume of vapour per umt of weight almost preclude its use 
in displacement machines. 


The cost of charging a system with refrigerant is always 
an Item, especially in isolated plants During the last few 
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Water. 

But little need be recorded about the properties of water, 
It IS so well known However, the signihcant point about 
water is that its apphcation is limited to thermo-com- 
pressors, m which enormous volumes can be moved and 
handled economically A small amount of equipment is 
required, having a low first cost and practically no moving 
parts In certain applications, many in the oil industry, the 
total cost of large-scale refrigeration using water, with all 
charges included, will be lower per ton than with other 
chemical refrigerants and displacement machines 


Machine Types. 


The Compressor The compressor, m most rcfiigerating 
plants, has the greatest influence on the capital cost of the 
plant, and the operating cost of a ton of refrigeration Even 
where the cycle used and the refrigerant are normal and 
standard, there are still many important details about the 
compressor which may differ widely and still perform the 
required work 

Compressors have been used which are single acting and 
double acting, vertical and horizontal in design, high speed 
and slow-movmg heavy machines The tendency at the 
present time is toward vertical, high speed, single acting 
compressors up to medium-sized units of 100 tons capacity 
Modem technique has been successful in producing 
machines almost free from vibration For capacities larger 
than 100 tons, the tendency is to use a double actmg, 
horizontal machine of moderate speeds, for the advantages 
of the large-area foundations for the big machines pre- 
dommatc For the largest capacities, the turbo-compressor 
has been used This machine theoretically cannot be as 
efficient as a reuprocatmg compressor, because it operates 
without valves, against the maximum back pressure at all 
times Actually, the efficiency of a large turbo-compressor 
IS relatively hi^ due to high speeds, simplicity, and extra- 
ordinarily low friction losses The turbo-compressor is a 
high-speed machine, and the smallest impellers it is possible 
to construct will handle enormous volumes of gas It is, 
therefore, difficult to speafy the capacity of refrigeration 
at which one should use the turbo-compressor, and smee 
the specific volumes of refrigerants vary, the smallest 
economical size of turbo-compressor depends upon the 
refrigerant used The smallest turbo-compressor for carbon 
dioxide IS about 1,000 tons capacity, while the limiung 
capacity decreases for ammonia, methyl chloride, sulphur 
dioxide, butane, &c , while for water, as the refrigerant, a 
plant oi 30 tons capacity might use a turbo-compressor 

The small-sized vertical compressor may be designed for 
high speeds, limited only by the rise in temperature of the 
fluid being compressed, and the effect of this temperature 
upon lubrication The temperature of the refrigerant at the 
compressor outlet can be read directly from the total heat 
chart as previously explained, or it can be calculated from 
temperature-pressure relations 
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T, final temperature, 
r, = intake temperature, 
P/ = final pressure, 

P, — intake pressure. 


k — ratio of specific heats of the gas bemg compressed 
(usually about 1 4) assuming that this ratio does 
not dumge within the temperatures 3} and Ti 


The work absorbed in adiabaUc compression can be 


calculated from the pressure, volume, and specific heat data 
of any gas by the formula 


in which 


IV ^ work, 
k — ratio of specific heats, 
n - number of stages in 
which compression 
takes place, with 
intercooiing between 
each stage 

Pi initial pressure, kg per sq lb per sq ft 
metre abs 

V, - initial volume, in cu metres cu ft 

Pi = final pressure, kg persq lb persq ft 

metre abs 


1 LVP 

Metric system English system 
(kg , metres) (ft , lb ) 


Since compression cannot be effected in an ideal machine 
in true adiabatic manner, some efficiency factor must be 
used to compensate for the total losses This factor is 
evaluated usually by the manufacturer for each type of 
machine by actual test The mechanical efficiency of com- 
pressors improves each year with better design, workman- 
ship, and anti-friction bearings IV, in the above formula, 
IS converted into total H P required to compress Oi volumes 
of gas per min in a compressor of ordinary efficiency by 
the expression 

HP = pernun) 

33,000x0 83 

It IS not necessary here to go extensively into the details 
of design of compressors The popular machme is the high 
speed, single acting vertical, which is not radically different 
from any gas compressor except that it must be built 
heavier and stronger It is not only because of the pressure 
that greater strength is required, but because of the loss of 
ductility, and the strains set up in the metal due to the 
chilling effect of the cold refrigerant Further, there is a 
possibility that some quantities of liquid will get into the 
cyhnder, while operating at full speed, and while the design 
of the compressor has provided for this possibihty, yet the 
strains caused by expelling this liquid arc more than the 
normal gas-compression load For this reason it is 
customary to use a safety factor of 5 to 10, where a factor 
ot 3 to 5 would be conservative in the ordinary air- 
compressor 

All refrigerating compressors, like any large power-usmg 
unit, should be connected direct to the prime mover or 
motor In the larger machines it is necessary and in the 
small machines desirable If a compressor must be belt- 
driven, a three or four ‘V’ belt drive should be selected 


Condensers. 

This apparatus, used to desuperheat, liquefy, and cool 
the refrigerant, is essentially a device for efficient heat 
transfer In general, all condensers are much the same as 
thQT were years ago, but in the details of design, and the 
engineermg of the dimensions of the equipment, great 
stndes have taken place, made possible by a better know- 
ledge of the laws of fluid flow and heat flow It is not neces- 
sary to develop the various formulae for flow of heat, or 
the concept of film resistance, as these data have been amply 
given in various texts and pubhcations [5] 
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While the performance of any condenser or evaporator 
should be calculated with the use of the excellent heat-flow 
data and formulae now available, it is convenient to use 
rough approximations for rapid estimating and checking 
work 

In the ordinary small unit used to cool the air in a room 
where the evaporator consists of runs of l^in pipe, from 
4 to 6 B Th U per sq ft per hr per “ F of mean tempera- 
ture difierence, can be obtained 

For cooling coils immersed in brine, properly designed 
to operate one-quarter flooded with liquid and with 
moderate lengths of pipe carrying gas at high velocity, use 
from 16 to 130 B Th 0 per sq ft per hr per ' F mean 
temperature difference, with an average figure of 25 
B Th U The rewards of good design can be measured m the 
great increase of 130 B Th U over the average figure of 
25BThU 

For atmospheric type condensers, where the liquid is 
cooled to about 5“ F above the water temperature at the 
bottom pipe, an over-all coefficient of 170 B Th U per hr 


per ^ F per sq ft can be realized, or about 8 sq ft for 
each 15,000 B Th U per hr to be removed 
The double-pipe and mulu-pass condensers, properly 
designed, can give an over-all transfer rate of 150 to 275 
BThU per hr per sq ft per °F mean temperature 
difference, but the higher rate requires increased water- 
pressure to impart great velocity to the water 
The shell and tube condenser cannot well exceed the 
above very high heat-transfer rates, but a rate of 200 
B Th U per hr per sq ft per ‘ F of mean temperature 
difference can be realized in this type of condenser or 
evaporator, which at the same time possesses advantages of 
low first cost, low operating cost, and small floor space 
required This condenser has a very favourable shape factor 
for the complete removal of all non-condensable gases, and 
very large capacities can be built m one unit Non- 
condensed gases must be regularly removed from any 
refrigerating system, and this is best accomplished by special 
appliances designed for the purpose, sold by most equip- 
ment manufacturers 
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As early as 1888 Zalo7iecki [32, 1888] advanced a theory 
that the crystalline waxes arc composed of normal paraffins 
and that an amorphous variety, consistmg of branched 
cham or isoparaffins, exists in petroleum and cercsine 
When the amorphous wax (protoparaffin) is distilled, 
pyrolysis may occur with the formation of crystalline wax 
(pyroparaffin) That Zaloziecki may have been correct in 
some respects will appear later, but the impression existmg 
in the practical reiinmg art for a long tune that a mild 
cracking distillation is necessary to produce ‘pressable’ 
and ‘sweatable* products has been exploded for several 
years 

Zaloziecki drew his conclusions from solvent extraction 
experiments with ceresine, the residues being hard and 
crystalline, the extracts soft and amorphous Marcusson 
[18, 1914] compared petroleum wax with cercsine by sol- 
vent extraction methods and arrived at essentially the same 
conclusion as Zaloziecki Gurwitsch [12, 1913] did not 
agree entirely with Zaloziecki He distilled a petrolatum 
under conditions in which decomposition was eliminated 
and secured a distillate which contamed quite large crystals 
After the distillate was dissolved back m the residue, and 
the mixture cooled, the appearance and physical properties 
were the same as before the distillation Gurwitsch decided 
that the amorphous nature of the products was influenced 
largely by the oily components of high viscosity, and by 
resinous and asphaltic bodies, all of which exerted an 
inhibiting action on crystal growth 

A paper on wax crystallization by Padgett, Hefley, and 
Henriksen [22, 1926] pointed out that the actual nature 
(le inherent characteristics) of the waxes is important, 
although asphaltic matter and oil, the latter through its 
viscosity, have an influence on the crystallization One type 
of crystallization is that characteristic of residual oils and 
petrolatum, being indicated by small crystals which grow 
m size only slightly under the influence of slow cooling 
Another is the needle crystal, found especially m slack wax 
and in some of the waxes of commerce In the growth of 
needle crystals, small plates of various forms — triangular, 
rounded, pentagonal, &c — appear first, followed by the 
sprouting of needles from the plates The plate crystal is 
a form which predominates in distillates comparaUvely low 
in wax concentration Both the plate and needle crystals 
grow to surpnsmg size imder slow, controlled coolmg The 
effect of the viscosity of the medium was studied and it was 
shown that while viscosity of medium has an influence on 
crystal size the mode of crystallization peculiar, or in- 
herent, to the wax was mamtained throughout a series of 
mixtures m which a constant percentage of wax was dis- 
solved in oils varying m viscosity from 60 to 1,500 sec 
Saybolt at 100“ F 

While the petroleum waxes may be divided, m a broad 
way, mto crystalline and amorphous, the former, then, may 
mdude plate and needle crystals It will be shown tlKie is 
another form, the mal-crystallme wax, which might be 
desenbed as approachmg the amorphous condition — ^the 
substance seems to be making a desperate effort to assume 
a defirute crystalline form— and even may be the material 

III 


which has the greatest influence in inducing the amorphous 
condition in wax-containing products like petrolatum The 
presence of amorphous (non-crystalline) wax has not been 
demonstrated positively by any one although its existence 
has been indicated by a number of workers 
The crystallization of slack wax (wax from Alter presses) 
has been studied under the microscope by Rhodes, Mason, 
and Sutton [27, 1927] Slack wax often contains about 
50% oil, the remainder consisting mainly of wax A sample 
of slack wax was sweated on a small scale and the fractions 
studied under the microscope By cooling the samples 
slowly on a warm stage it was observed that the plates 
which were formed imtially curled on the edges, followed 
by the growth of needles tangentially from the rolled sec- 
tions The plates were very thin, existmg in vanous forms, 
sometimes rounded A cross-section of needle crystals 
showed light and dark crosses, a phenomenon peculiar to 
spiral and radiating growths When the sample was cooled 
through a period of several hours the entire mass consisted 
of plates Rhodes, Mason, and Sutton state that the two 
types of crystals must be considered as two separate crystal- 
line habits of the same solid phase and ‘ the transition from 
plates to needles is certainly more than a simple alteration 
of habits or a change m the relative development of the 
vanous crystallographic faces, such as is exhibited by many 
substances’ They suggest that a difference in surface ten- 
sion between the crystal and melt on the two sides of the 
plates may cause them to curl 
Next in order probably should be a consideration of 
the work of Buchler and Graves and that of Ferns, 
Cowles, and Henderson Buchler and G raves [2, 1 927] used 
slack wax, slop wax (unpressable cut from coking opera- 
Uons) and rod wax (wax from pumping rods in oilfields) as 
raw material for their expenments The oil was removed 
by crystallization from ethylene dichloride at a low tem- 
perature and the fmished waxes were distilled at 1 mm 
pressure absolute When the melting-points were plotted 
against indices of refraction the lower fractions fell on a 
straight line, but the higher fractions fell sharply above 
Upon hot extraction of the fractions by solvent an 
‘impurity’ was removed and the residues then adjusted 
themselves to a straight line This impurity is the ‘ soft wax’ 
which It was thought had the property of changmg plate to 
needle crystals when in small percentage and of inducing 
the amorphous condition when present in larger quanti- 
ties In order to be effective the ‘soft wax’ impunty must 
separate at the crysullizmg temperature, m dilute solutions 
this does not occur, hence plate crystals appear 
Ferris, Cowles, and Henderson [7, 1931] worked with 
slack wax from Mid-Continent petroleum They extracted 
with ethylene dichloride at — 12 to — 14“ C to remove oil, 
following up with distillation of the wax at 1 to 3 mm 
pressure, collecting 10% fractions and leaving a residue 
of 10% Certain of the cuts were subjected to refrac- 
tionation and then fractional crystallization from ethy- 
lene dichloride As a result several ‘senes’ which were 
homologous at least in regard to physical properties and 
crystal form were separated The three senes showed 
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individual crystal forms, namely, plate, needle, and mal- 
crystalline The needle crystals and the mal-crystalhne 
variety could impress their forms upon the plate crystals if 
the solubility relations permitted separation of the modify- 
mg wax simultaneously with the plates The plate did not 
impress its form on the needle and mal-crystalline wax 
The needle wax was found to be much more soluble than 
the plate wax for the same molecular weight, the mal- 
crystalline wax being intermediate in solubility between the 
needle and the plate wax However, waxes of the same 
melting-point, regardless of type, showed the same degree 
of solubility m a given solvent Davis and Campbell [6, 
1933] studied the crystallization of vacuum fractions from 
wax distillate and their results tended to confirm the find- 
mgs of Ferris, Cowles, and Henderson 

Applied to the practical problem of the filter-pressing of 
wax distillate and the sweating of slack wax, the tacts and 
theories so far collected from the literature can be stated 
briefly as follows If the disullate is properly fractionated 
so that mal-crystalline wax is essentially excluded from 
the distillate then efiective pressing and sweating can be 
expected When the wax distillate is chilled, plate crystals, 
which are favourable for the pressing operations, will prc- 
dommate, when the resulting slack wax is solidified on the 
sweating pans, needle crystals, which arc favourable for 
sweating, will predominate Should the oil in the distillate 
be so high in viscosity as to interfere with the filtration, the 
diflSculty might be remedied by dilution of the distillate 
with gas oil or kerosine 

Other researches on wax crystallization which should be 
considered are as follows Carpenter [3, 1926] suggested 
that there was a transition temperature above which 
needles formed and below which plates were produced 
Katz [16, 1930] has indicated that plates may be changed 
to needles but that the transformation is irreversible, also, 
while the crystal form is influenced by the concentration, 
needles always develop from plates Tanaka [28, 1929] 
concluded that the viscosity of the medium and rate of cool- 
ing are the factors which control the formation of plates 
and needles Bergel [1,1918] finds that the viscosity of the 
medium affects crysul size and that subsUnces like asphalt 
influence the crystallization, but their effects can be over- 
come by coohngm stages Gascard [11, 1921], in the course 
of preparation of synthetic paraffins, remarked that when 
the hydrocarbons were pure they crystallized as plates, when 
impure as needles Pyhala [24, 1908] studied the solidifica- 
tion of wax before sweatmg and observed that slow coolmg 
gave plates, more rapid cooling needles, and when plates 
were formed the sweatmg was hindered Rakusin [25, 
1914] has advanced a theory of composition of petroleum 
waxes based on consistency they may consist of hard, 
medium, and soft paraffins, all of which, however, are 
crystallme 

An interesting discussion of the properties of amor- 
phous as compared with crystalline wax is presented by 
Jones and Blachly [IS, 1929] These authors state that 
‘since the centrifugal process is primarily adapted to those 
stocks contammg wax that is precipitated in the amorphous 
form, a study of the conditions affecting the occurrence of 
amorphous wax and of theories as to its nature become 
desirable’ The property of this ‘amorphous wax’ is that 
of softness or salve-like consistency, although the products 
generally show crystals of the plate or mal-crystallme form 
Petrolatum sometimes is called amorphous wax It should 
be noted, however, that often qmte a hard crystalline wax 
can be sqiarated from petrolatum by solvents 


Jones and Blachly point out that when a glass rod is 
dipped into a solution contammg a precipitate of amor- 
phous wax and then withdrawn, the solution will dram 
away leaving only a thm layer of oil solution on the rod 
If the solution contains a precipitate of crystallme wax, 
crystals will remam on the rod The above differences in 
properties arc cxplamed by surface tension relationships 
crystallme wax has appreciable surface tension in the 
presence of oil solution, but is less than that of the oil solu- 
uon On the other hand, the surface tension of the amor- 
phous wax IS greater than that of the oil solution m which 
It is suspended Another way of explaining the difference 
m behaviour might be to consider that the amorphous wax 
has greater wetting power for the solution than the crystal- 
line wax — ^it is known that the mal-crystalhne and amor- 
phous waxes have the property of occluding oil when 
they solidify, while the crystalline wax tends to exclude it 
Furthermore, according to Jones and Blachly, the amor- 
phousness of the wax is related to some substance which is 
adsorbed from the solution, or occluded with the wax when 
It IS precipitated, imparting or increasing the amorphous- 
ness This substance is more effective at low than high 
temperatures and more readily absorbed from naphtha 
solution than, for example, ethylene dichloridc solution 
In support of this theory of Jones and Blachly are the 
known facts that when an amorphous wax is percolated m 
melted condition through fuller’s earth the filtrate neaily 
always will show better crystallization than before percola- 
tion, however, petrolatums are known which are nearly 
water white m colour but which arc highly amorphous 
Another illustration is the influence of petrolatum upon 
stocks which do not centrifuge readily — an amount as 
small as 10";> may cause the refractory product to respond 
to the centrifugal operation Very often, too, overhead 
‘semi-amorphous’ stocks, which will not centrifuge, arc 
blended back with residual oils before being subjected to 
the senes of refining operations which include centrifuging 
The researches of a large number of investigators indi- 
cate that petroleum wax is composed of paraffin hydro- 
carbons, but there is no such consensus of opmion m regard 
to whether the hydrocarbons arc normal, iso, or a mixture 
of the two Piper, Brown, and Dyment [23, 1925] in an 
X-ray study of solid paraffins secured from shale oil by 
Francis and co-workers [10, 1922] found them to be normal 
paraffins Fischer and Schneider [9, 1920] report that wax 
from lignite tar contained no branched chain hydrocarbons 
but the oil secured by low temperature retorting contained 
sohd isoparaffins Carpenter [3, 1926] identified a number 
of normal paraffins in wax from Burma crude and sus- 
pected the existence of isoparaffins Buchler and Graves 
leaned toward the supposition that the waxes are composed 
of normal paraffins Ferns, Cowles, and Henderson [8, 
1929] brought forth evidence m support of the presence of 
isoparaffins in petroleum wax Clark and Smith [4, 1931] 
made careful X-ray studies of waxes from Mid-Continent 
crude and identified isoparaflins— they concluded that at 
least 20% of the wax from Mid-Conunent petroleum con- 
sists of branched cham paraffins From the work of the 
various investigators it is safe to state that petroleum waxes 
contam at least small percentages of isoparaffins, that the 
percentage may vary considerably with the source , and that 
the proportion is greater in the higher than in the lower 
distillates Later work indicates the presence of cyclic 
hydrocarbons, besides paraffins, see Mair and Schichtanz 
[17, 1936], Muller and Pilat [20, 1935] 

The question of the ciystal system (or systems) of paraffin 
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wax possibly merits some attention in this discussion 
Wahl [30, 1912] studied the lower members of the paraffins 
and found the following methane crystallizes in the iso- 
tropic system, ethane in the hexagonal, normal pentane 
probably orthorhombic, normal hexane, heptane, and 
octane in the monoclinic or triclinic He also noted trans- 
formations from one system to another In regard to 
paraffin wax, Hefley [13, 1927] states that the crystals, 
whether plates or needles, exist in the orthorhombic system 
as indicated by parallel extinction and biaxial interference 
figures This conclusion has been verified by Rhodes, 
Mason, and Sutton, by Tanaka and co-workers, and by 
Reistle and Blade [26, 1932] Hefley attempted to locate a 
transition-point by varying the temperature but was not 
successful, although Muller and Saville [21, 192S] found 
indications of a change in an eiocosanc Considering the 
variation in crystal system that occurs among the lower 
paraffins according to Wall, and remembering that petro- 
leum wax contains from 6 to 12 or 14 different molecules. 
It IS surprising, to say the least, to find no variations in 
the crystals of paraffin wax Further reference to crystal 
transition points is made in papers by Carpenter [3, 1926], 
J^kson [14, 1934] and Yannaquis [31, 1933] 

(frhe solidification or pour-point of an oil often is 
affected by the temperature to which the product has been 
heated before cooling When the Amarillo field of the 
Texas Panhandle developed, it was noted that the oil 
possessed an unusually high pour-point (about 60° F 
normally) and that this solidification-point was reduced by 
heating the oil above 100° F prior to cooling, upon stand- 
ing, however, the original pour-point was attained again 
This crude oil was high not only in percentage of wax but 
in asphalt also Reistle indicates that oils essentially free 
from asphaltic matter are less susceptible to this pheno- 
menon than those higher in asphalt content Moore and 
Beard [19, 1932] have studied this problem in connexion 
with residual lubricating oils They noted that if the oil was 
heated above 200° F the wax separated in clusters on cool- 
ing — while if heated to some lower temperature which gave 
the highest pour-point the wax separated in crystals uni- 
formly distributed through the oil On heating the oils from 
which wax had crystallized it was observed that the crystals 
went into solution completely at about the temperature at 
which the highest pour-point was established, hence it was 
indicated that in order to establish the highest pour-point 
It IS necessary to heat the oil to the temperature at which 
the wax just goes mto solution Moore and Beard also 
found one sample which did not display the large and small 
aggregates but formed crystals on cooling which resembled 
those in paraffin distillate This phenomenon of variation 
of pour-pomt with temperature of heating also has been 
investigated by Tychinin [29, 1924] 

Substances in solution or dispersion in oils also are 
known to affect the pour-pomt directly Among these are 
asphaltic and resinous bodies, soaps, and, in fact many 
finely divided solid or colloidal substances Recently a 
synthetic hydrocarbon called paraflow [S, 1931] compel 
of a long paraffinic side-chain attached to a closed chain 
nucleus has been placed on the market for commercial 
use m reducing pour-pomts of oils The effect of the 
substance appears to be to cause the formation of smaller 
crystals and to lubricate the crystal surfaces so that the 
aggregates do not adhere or mterlock Paraflow is a vis- 
cous oil 

When an oil solidifies due to separation of wax, small 
crystals first appear, which contmue to mcrease m size until 
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they adhere or interlock, when solidification is attained 
If the oils are stirred during cooling, or undergo only 
shght movement, it is obvious that the pour-pomt will be 
effected and will be lower than when the liquid is entirely 
at rest, or, if, after solidification, the mass is stirred the 
crystal structure will be disrupted and the oil can be poured 
agam The ‘solidified’ oil then, in the case of lubricating 
oils contaimng wax, is not a true solid but a finely drawn 
system of wax crystals m which oil is entrapped or adsorbed 
A few tenths per cent of crystalline wax in a lubricating 
oil often IS sufficient to bring about this phenomenon of 
solidification or setting The viscosity of the associated oil 
also has an influence on the setting temperature,. 

Conclusions 

It IS evident that the crystal forms occurring m petroleum 
wax are plate crysuls, needle crystals, a mal<iystalline 
form, sometimes called foliatious, and possibly an amor- 
phous variety When needle crystals arc formed in petro- 
leum products they grow generally, though not always, 
from small plates &st appearing Whether needle crystals, 
plate crystals, the mal-cry stall me variety, or mixtures of 
these result when wax is precipitated from a petroleum 
product depends upon the inherent characteristics of the 
wax present, the influence of one type upon another, the 
concentration of the wax, and to some extent to the rate of 
cooling 

Petroleum wax contains normal and branched paraffins, 
also possibly hydrocarbons from other series which are 
solid, semi-solid, or soft The lower molecular weight 
waxes are largely normal paraffins, as the molecular weight 
increases the iso-paraffins and hydrocarbons from other 
senes enter the picture 

The action of ‘impurities’ or extraneous matter plays a 
part in wax crystallization The needle, mal-crystalline, and 
amorphous varieties have the power of impressmg their forms 
on the plate crystals, particularly if the concentration of 
the wax is sufficiently high for the impurity to separate 
simultaneously with the plates The associated oil has an 
influence through its viscosity, the higher the viscosity 
the smaller the crystals and the greater the tendency to 
needle formation Asphaltenes, resins, and colouring matter 
in heavy distillates, residues, and petrolatum appear to 
increase the degree of amorphousness, probably as a result 
of the power to decrease crystal size In connexion with 
the effect of impurities reference should be made to the 
possibility of the influence of substances like paraflow 
which are not waxes but oils of the same nature as waxes, 
hence possessmg high wetting and adsorbing power for the 
waxes 

Rapid cooling of oils containing wax has the effect of 
decreasing the crystal size and promoting needle formation 
Plate crystals of surprising size can be secured by slowly 
coohng the lower lubricating oil distillates from paraffi- 
naceous petroleum, but the same does not hold true gene- 
rally for the higher distillates and residues such as raw 
cylinder stocks and petrolatum Slack wax, when cooled 
rapidly to a temperature shghtly below the solidification- 
point, then held at this point or cooled very slowly there- 
after, will display large needles 

The temperature to which the product has been heated 
before cooling may have a pronounced effect on the 
crystallization, particularly of residual oils such as cylinder 
oils and stocks If heated to a temperature well above that 
at which all of the wax goes into solution, crystal clusters 
may form on coohng 
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The degree of fractionation and elimination of entrain- 
ment dunng distillation has a pronounced effect on the 
crystallization of distillates Well-fractionated products are 
characterized by larger and better-formed crystals and a 
suppression of mal-crystalline growth 
The crystals of wax found in petroleum distillates, slack 
wax, and waxes of commerce are in the orthorhombic system 
>^en plate and needle crystals are formed in an oil 
solution the tendency is for the crystals to exclude oil On 
the other hand, it is the property of the mdl-crystalline and 
amorphous wax (if such exists) to occlude oil during the 
formation of the new phase This may be stated in another 


way by saying that when the crystallization is good, and 
the solution not too concentrated, oil is excluded from the 
crystals 

The amorphous condition of heavy distillates and resi- 
dues, and the waxes separated from them, is not well under- 
stood, but may be due to the presence of mal-crystalhne and 
amorphous waxes which not only are salve-like in con- 
sistency but have the property of imparting this amorphous- 
ness to crystalline, harder waxes, or at least of mhibitmg 
crystal growth Asphaltenes, resins, colounng matter, and 
viscous oils tend to mcrcase the degree of amorphous- 
ness 
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REMOVAL OF WAX BY CENTRIFUGING 

By LEO D JONES, B A., B Sc. 

Director of Research, The Sharpies Speaahtv Companv 


The removal of wax from petroleum products depends 
upon the solidification of the wax on temperature reduction 
with the subsequent separation of the solid wax from the 
liquid oil When lubricatmg oils containing wax are cooled 
the character of the precipitated wax does not admit of 
Its easy separation from the oil, because of the viscosity ol 
the oil, the limited space available for the formation of the 
wax crystals, and the presence of colloids The wax is 
either precipitated in a highly dispersed form, or the entire 
mass solidifies in a form resembling a gel 

Effect of Diluents 

In order to overcome these unfavourable conditions of 
wax precipitation diluents arc added to the oil before 
precipitating the wax The diluents have several rather 
obvious cfiTccts First, they reduce the viscosity of the oil, 
thereby providing more favourable conditions for the 
formation of the wax crystals, and also subsequently assist- 
ing m the separation of the solid wax phase from the hquid 
oil phase Second, they increase the bulk of the liquid 
phase This provides more room for the formation of 
the wax crystals In all separations of solids from liquids a 
portion of the liquid remains adhering to the surface of 
the solid and in the interstices between the solid particles 
Diluting the oil will thcicfore leave less oil on the wax after 
separation 

In addition to those mentioned above, the diluent has 
other less obvious effects which are not characteristics of 
the diluent per %e, but are specific to the particular diluent 
chosen The diluent effects the solubility of the wax in 
the resultant liquid phase The diluent may have selective 
solvent characteristics for various constituents of the oil, 
as for instance the asphaltic material and colouring bodies. 
By Its eflfect on the solubility of these constituents, the diluent 
affects the character of the wax precipitation, the complete- 
ness of the wax precipitation, and, therefore, the ease and 
completeness of the subsequent separation of the wax 

Centrifugal Separation 

The separation of wax by centrifugals depends upon a 
difference in density between the precipitated wax and the 
liqiud phase from which the wax has been precipitated 
Normally, in petroleum products, the wax is lighter in 
density than the liquid consUtuents with which it occurs 
The difference is small and is increased by the density of 
the diluent used which changes the density of the liquid 
phase, but has little or no effect upon the density of the 
precipitated wax When a diluent lighter than the wax is 
used the resultant oil solution is lighter than the precipitated 
wax, and in centrifugal separation the oil solution separates 
nearer to the axis of rotation than the wax When a diluent 
heavier than the wax is used the precipitated wax is lighter 
than the oil solution, and in centrifugal separation the wax 
separates nearer to the axis of rotation than the oil solution 

Centrifugal dewaxing processes have been developed 
usuig both hghter and heavier diluents In view of the 
many practical differences between these processes each 
will be fully desenbed separately 


Sharpies Process [9, 1920] 

In the Sharpies process the diluent is petroleum naphtha 
or benzine 

A flow diagram of the process in its most modern form 
IS shown m Fig 1 The stock to be dewaxed and the diluent 
aic pumped in predetermined correct proportion through 
an orifice mixer, and a heater where the temperature is 
raised to the point at which the wax is in complete solution, 
and then into a blending lank From the blending tank the 
dilute stock is pumped through a series of chilling towers 
in which the temperature of the dilute stock is reduced to 
the separating temperature The chilled dilute stock passes 
then to the centrifuges, the rate of feed to which is main- 
tained uniform by the constant level tank 

In the centrifuges the wax is separated and there is con- 
tinuously discharged from the centrifuges dilute wax-free 
oil 

A carrier liquid, which is water at a high enough tempera- 
ture to melt the wax, is continuously supplied to the centri- 
fuges, where it assists in the discharge of the wax from 
the bowl and melts the wax so that it may flow in ordinary 
piping The wax and the carrier liquid flow to the separator 
tank where the mixture separates by gravity, the carrier 
liquid flowing to the earner liquid tank and the wax to the 
wax tank, from which it is pumped to storage and subse- 
quently topped for recovery of diluent 

The most complete economical refrigeration recovery is 
accomplished by passmg the cold dilute wax-free oil from 
the centrifuges through the coils in the chilling towers 
countercurrcntly to the dilute stock being chilled 

The remaming chilhng is accomplished by direct ammo- 
nia expansion coils in chilling towers, each at a succes- 
sively lower temperature The temperature in each tower 
IS controlled by the ammonia pressure Accurate con- 
trol of the temperature difference between the last wax- 
free oil chilling tower and the first ammonia chilling tower 
IS further accomplished by an ammonia chiller on the wax- 
free oil passing to the last wax-free oil chilling tower 

Sharpies Solid Discharge Super-Centrifuge [8, 1917]. 

A cross-section of the sohd discharge centrifuge and 
bowl with Its material content when in operation is shown 
in Fig 2 The carrier liquid forms a thin layer on the wall 
of the bowl from end to end Chilled, dilute oil is fed 
mto the bowl through the feed nozzle against a plate which 
deflects it into the wings, not shown, which brmg it up to 
the speed of the bowl There is a separation under centri- 
fugal force of the dilute oil mto an inner layer of dilute 
wax-free oil floatmg on an outer layer of wax which m turn 
floats upon the carrier liquid The dilute wax-free oil con- 
tinuously discharges over the circular weir, L, and flows 
out through the holes in the end of the bowl into the dilute 
wax-free oil cover Wax contmually escapes around the 
edge of the disk at X floating up through the earner liquid 
and contmually discharges over the weir at H to the wax 
cover 

The carrier liquid serves two purposes One of these is 
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the provision of a fnctionless surface on which the wax floats 
and readily flows from one end of the bowl to the other 
The other is the provision of a uniform and non-resistant 
hquid for maintaining the hydrostatic balance of substances 
within the bowl The layer of carrier liquid in the space T 
IS in hydrostatic balance with the layer of dilute wax-free 
oil and wax withm the main body of the bowl Any ten- 
dency for an increase in the thickness of the wax layer 
within the bowl produces an excess of pressure over that 
produced by the column T, of carrier liquid, and wax 
escapes around X, discharging from the bowl The relative 
thickness of the dilute wax-free oil layer and the wax layer 


covers described above are enclosed in a vapour-tight 
frame The bowl rotates at IS.OOOr p m The most effi- 
cient separation is obtamed with a throughput of dilute 
waxy oil of between ISO and 200 U S gal per hour At 
higher rates, separation becomes less effective with nse in 
the pour test of the finished oil and reduction in yield of oil 
It is a necessary condition for operation that the wax 
separated m the centrifuge be sufficiently fluid under the 
forces exisUng in the centrifuge bowl for the wax to flow 
around the edge of the disk at X Precipitated crystalline 
wax and precipitated hard asphalt both form structures 
which will not flow, and cannot, therefore, be continuously 


SHARPLES NAPHTHA SUPER-CENTRlFUeE 
DEWAXING PROCESS 





Within the bowl and the posiuon of the dividing Ime O 
between these two layers are dependent upon the height 
of the column T, and in turn on the dimension of the weir 
H The position of the dividmg line O may therefore be 
changed by changmg the dimension of H The relationships 
are also affected by the relative density of the wax layer and 
the wax-free oil layer, and for different stocks and different 
dilutions the value of H is changed to give the most favour- 
able condition for the dividmg line O 
In the original development of the solid discharge bowl, 
carrier liquid was continuously fed into the bowl along with 
the liquid to be separated This required a carrier liquid 
chilled to the temperature of the chilled dilute oil 
Better results can be obtained by feeding the carrier hquid 
to the place at which the wax discharges from the bowl 
This arrangement is shown in Fig 2 where the carrier liquid 
IS fed through the nozzle S into the channel withm the 
weir H Operatmg m this way when suffiaent carrier hquid 
has entered the bowl to form a layer as shown in the figure, 
no further carrier liquid enters the bowl Any excess con- 
tinuously discharges along with the dischargmg wax As 
the earner liqmd does not come in contact with the chilled 
dilute oil. It need not be chilled and, in fact, is actually 
heated to such a temperatiuv as will melt the dischai^ng 
wax and carry it away as a hquid 
In the complete Shales super-centnfuge, the bowl and 


discharged This failure of the solid discharge principle to 
handle other than amorphous wax is the most important 
limitation of the process Methods for controlling the 
character of the wax precipitate to facilitate its discharge 
are discussed later 

Much study has been given to methods for overcoming 
the inability to discharge crystalline wax, none of which 
have met with commercial success The most notable of 
these are schemes involving melUng of the wax withm the 
centrifugal bowl Failure occurred because when the wax 
was heated to a sufficient temperature to pemut it to flow, 
the density of the wax was less than that of the surround- 
ing sohd wax and less even than that of the dilute wax-free 
oil from which it had been separated, with th& result that 
the melted wax floated through the wax layer and the 
dilute wax-free oil layer and discharged with the latter 
Under average conditions the wax layer contains about 
40% naphtha, 20% oil, and 40% wax, and the wax m 
melting dissolves m this associated oil and naphtha which 
accounts for the low density of the melted wax 

Diluent. 

The diluent commonly used m the Sharpies process is 
straight run petroleum naphtha In or^r to reduce 
evaporation losses the I B P should not be lower than 
ISO^F Inorder that too high a temperaturemay be avoided 
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in recovenng the diluent from the dewaxed oil, it is desir- 
able that the E P be lower than 400° F A much lower EP 
IS commonly used, and it is now common practice to use 
a naphtha with a Ixiilmg range of 1S0° F to 300' F 
There has been much discussion on the effect of the 
solubility of wax in the diluent on the final pour-point of 
the oil obtained Data published by Bahlke, Giles, and 
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Adams [1, 1933] show that naphtha with an average 
molecular weight of 85 has the highest solubility for wax 
and that the solubility falls off with increasing and decreas- 
ing molecular weight In commercial operation there is 
ample evidence that lower pour tests arc obtained with 
naphtha of 50° F boiling range, and consisting mostly of 
hexane, than have been obtained with naphtha of a higher 
boiling range and higher molecular weight 
So many other factors affect the precipitation of wax m 
commercial dewaxing aside from the solubility of the wax 
in the diluent that this discrepancy is not surprising In 
the dewaxing operation there is no difficulty in separatmg 
the higher meltmg-point waxes, but m order to obtain a 
low pour test it is necessary to separate waxes which have 


melting-pomts so low that they can hardly be considered 
waxes Furthermore, the effect of the parUcular diluent on 
the asphaltic and colouring matter present must be con- 
sidered, as the condition of the impurities affects the solu- 
bility of the wax and its crystal formation 

While narrow boiling-range naphthas have been found 
especially good in obtaming low pour tests, naphthas 
blended from light and heavy naphthas give unexpectedly 
high pour tests in consideration of the separating tempera- 
ture The presence of petroleum distillates of the gas oil 
range has a bad effect on pour tests and should be elimi- 
nated from the diluent or the stock to be dewaxed 

The quantity of diluent in relation to waxy stock required 
depends upon the charaeter of the stock For high fire test 
cylinder stocks containing very amorphous wax the dilute 
mixture may contain as little as 55 diluent with 45% oil 
when a finished pour test of +15° F is required Higher 
proportion of diluent is required if the stock is of lower 
flash-point, if the wax contained in the stock is less amor- 
phous, and if the pour test required is lower For an extreme 
case of a 450° F flash distillate to be dewaxed to a 0° F 
pour test, the dilute mixture should contain 75% of diluent 
and 25 % oil 

‘Non-Shock Chilling’. 

In 1920 the writer [3, 1925] discovered that in order to 
obtam a precipitate of amorphous wax favourable for 
centrifugal separation from naphtha oil solution, it was 
necessary not only to chill slowly but also to use chilling 
surfaces or media not greatly different in temperature from 
the oil solution This prmciplc in chilling has been desig- 
nated ‘Non-Shock Chilling’ 

In commercial practice the temperature of the chilling 
medium is maintained between 10“ and 15° F below that 
of the oil solution being chilled and sufficient chiUmg sur- 
face IS provided to chill through the complete range m 
about 48 hours Many efforts have been made to avoid 
the hmitation of ‘Non-Shock Chilling’ None of them 
appeared to be economically justifiable The differential 
tetween the chilling medium and the oil solution bemg 
chilled may be increased and the rate of chilling increased 
and centrifugal separation of wax obtained However, with 
such departures from the best chilling conditions, there will 
be a sacrifice in pour test of the dewaxed oil and a loss of oil 
to the wax side, due to oil entrainment in the colloidal wax 
precipitate 

For satisfactory results it is essential that waxy stock 
and diluent be brought to a sufficient temperature to com- 
pletely dissolve all of the wax before chilling is started 
Fadure to completely dissolve the wax will result in an un- 
satisfactory precipitate which will again give a reduced 
yield of higher pour test oil 

Under favourable conditions of chilling as outlined 
above the pour test of the dewaxed oil will be approxi- 
mately 25° higher than the temperature of wax separation 
down to a pour test of 15° F In other words ‘the de- 
waxing spread ’ is 25° F For pour tests of lower than 1 5° F 
the spread increases so that it is necessary to chill to — 40° F 
to obtam 0° F pour-test oil 

There have been important improvements m the Sharpies 
process from time to tune in the application of refrigeration 
to the oil In early installations dulling was accomplished 
by circulation of brine through pipe coils in batch chillmg 
tanks The brine was chilled by ammonia expansion and 
the temperature of the circulating bnne was carefully con- 
trolled to provide ‘Non-Shock Chilling’ I C Carpenter 
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[2, 1934] introduced the Carpenter Chilling Tower which 
made It possible to continuously ‘Non-Shock Chill’ directly 
from ammonia to dilute oil This was accomplished by 
providing flooded ammonia chilling coils with vaporiz- 
ing chambers at the highest point in the circuit, and with 
circulation of the liquid ammonia induced by thermo- 
syphon action The temperature of the circulatmg hquid 
ammonia is controlled by the control of the pressure on the 
vaporizing chamber 

The development of the Carpenter Chilling Tower made 
possible economic refrigeration to — 40 ' F and commercial 
manufacture of O'’ F pour-test bright stocks 

Recovery of refngeration was first accomplished by ex- 
changing heat from dilute wax-free oil with bnne ll’ter, 
the dilute wax-free oil was exchanged against dilute waxy 
oil, followed by brine and then ammonia for the lower 
temperatures Finally the brine has been entirely eliminated 
with the development of the system as shown in the flow 
diagram in this article 

Suitable Charging Stocks for the Sharpies Process 

As has already been stated in discussing the solid dis- 
charge super-centrifuge, it is essential that the wax pre- 
cipitated from the dilute oil be sufficiently fluid to flow 
in the centrifuge bowl Such wax naturally occurs in 
cylinder stocks, long residues, and properly prepared heavy 
distillates 

Cylinder stocks and long residues directly from the still 
contain impurities which interfere with wax precipitation 
and centrifugal separation The hard asphalt content is 
precipitated on dilution and chilling and interferes with the 
wax discharge The asphalt and colouring matter as well 
interfere with or inhibit wax precipitation so that satis- 
factory pour tests are not possible in finished filtered stocks 
It IS therefore necessary in the case of cylmder stock and 
long residues to either acid treat and clay treat or to only 
clay treat in the case of Pennsylvania type oils to approxi- 
mately final colour before the stock is charged 

As the length of the residue is increased by allowing 
lighter fractions to remain in the residue, the amorphous- 
ness of the wax is reduced until finally a point is reached at 
which satisfactory wax separation is not possible The 
flash-point of the stock has been found to be a good 
entenon of the suitability of a residue stock for the Sharpies 
process The stock sho^d not have a flash below 4S0° F 
With sharp fractionations between the overhead and the 
residues tlus figure may be somewhat reduced 

Overhead stocks tend to be crystallme rather than 
amorphous, because the consUtuents of the petroleum 
contributmg to the amorphousness of the wax remam m 
the residues Efforts to drive these amorphizing consti- 
tuents out of the residue into the overhead lead to cracking, 
which mcreases the crystallme character of the wax m the 
overhead rather than reduemg it Despite this difficulty 
overhead stocks can be produced by vacuum and steam 
distillation which can be readily handled by the Sharpies 
process The overhead stock should have a flash of 430° F 
or higher and a viscosity of 70 sec SU at 210° F or higher 
The most favourable conditions are obtained if the still is 
so operated that there is no pnmmg of residue into the 
overiiead which will then be asphalt-free and may be de- 
waxed before acid treabng and clay treatmg 

In practice, refiners have preferred less critical operation 
of their distillation Some have operated their stills at a 
rate at which pruning of residue mto the overhead occurs, 
thereby carrying some of the amorphizing agenaes from 


the residue mto the overhead and then acid treatmg and 
clay treaUng before dewaxing A more common practice 
and a more rational one has been to blend residue cylinder 
stocks with distillate cylmder stocks, aad treatmg and clay 
treatmg either before or after blending, and dewaxing the 
blend Blends consisting of 73% overhead cyhnder stock 
with 23% of residue cylinder stock have been found to 
dewax very satisfactorily m practice This procedure has 
the advantages m the final product of a good cast, due to the 
residue, and a low carbon residue, due to the distillate 

Amorphizing Agents. 

In addition to selecting stocks, the wax content of which 
IS inherently amorphous, various expedients are available 
for modifying the natural wax characteristics so that it may 
be separated Materials which when added to oils increase 
the amorphous character of this wax content have been 
named amorphizing agents 

Natural impurities occurring m petroleum are effective 
amorphizmg agents and controlling the amount of these 
impunties will control the character of the wax [3, 1930] 
Colour may be used as a measure of the content of the 
natural impurilies Too high a content of impurities 
inhibits the wax precipitation, whereas too low a content 
has no effect on the wax precipitation When the colour 
IS darker than 80 Lovibond Senes D, using a 10% solu- 
tion of the oil in a i-in cell, wax precipitation will be 
inhibited to an undesirable degree Using the same con- 
ditions of testing colour, when the colour is less than 80, 
amount of wax precipitation will not be affected but 
character will be Colour ranging from 80 down to 30 
will show successively decreasing effect of the impunties 
upon the character of the wax precipitate, and with 
colours below 30 the effect of the remaining impurities 
will be found to be negligible These figures may not be 
used with great exactness and vary with different types of 
stocks, but may be considered as a rough guide 

Discharge of Crystalline Wax 

Many proposals have been made to effect the continuous 
discharge of crystalhne wax from a centrifugal rotor, using 
naphtha as a solvent and separating the wax as the heavier 
phase Schemes for melting the wax within the bowl or 
rotor have been discussed above Other schemes proposed 
have been mechanical, involving the use of conveyors or 
similar devices within the centrifugal rotor for canymg the 
wax out of the rotor Such schemes have met with no com- 
mercial success It now appears that other developments 
have accomplished the desired results m another way so 
that further developments along the hne of mechaiucal 
discharge of crystalline wax m naphtha solution is not to 
be expected 

Wax Anti-solvents 

Wax anu-solvents have a much lower solvent power for 
wax than naphtha, and yield a pour test in the fimshed 
oil much closer to the temperature at which the wax is 
separated than when naphtha is used In other words 
the dewaxing differential is less 

Among others, C R Wagner has proposed the use of 
butyl-alcohol and naphtha [10, 1928], and methyl ethyl 
ketone [11, 1928] 

The difficulty with such proposals has been due to the 
effect of the anti-solvent on the character of the wax. When 
wax anti-solvents are used as diluents the wax preapitates 
m a more crystalhne form than from naphtha solution, and 
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even distinctly amorphous wax such as occurs in cyhnder 
stocks develops such ciystallme characteristics that it may 
not be continuously discharged from the solid discharge 
centrifuge 

Heavy Solvents 

At the begmning of this article it was pointed out that m 
contrast to the use of naphtlia as a diluent lighter than the 
wax, diluents heavier than the wax might be used where the 
precipitated wax was to be centrifugally separated When 
a diluent heavier than the wax is used the separated wax 
floats upon the heavy wax-free oil solution in the centri- 
fugal rotor This wax-free oil solution may then be con- 
sidered as a earner liquid in the rotor, assisting in the 
discharge of the wax Solvents heavy 
enough to effect this purpose arc 
found among the chlorinated hydro- 
carbons which are noted for their 
high density 

in cases where the precipitated 
wax IS sufficiently amorphous, it 
may be continuously discharged as 
if It were a liquid as in the case 
of the dilute wax-free oil discharge 
from the bowl shown in Fig 2, and 
the dilute wax-free oil is discharged 
where the wax and earner liquid 
discharge in Eig 2 When the pre- 
cipitated wax IS crystalline it will 
not discharge over a weir, such as L 

De Laval Separator-Nobel 
Process 

Dc Laval Separator-Nobel have 
developed a process for dewaxing, 
using trichlor ethylene as the pre- 
ferred heavy solvent 

Trichlor ethylene as a solvent in 
dewaxing has characteristics very 
similar to naphtha The dewaxing differential is even 
higher than for naphtha Data reported by the user of the 
process and tests made by the writer give pour tests from 
32" to 60° F higher than the separating temperatures 

The wax precipitated from a solution of oil and tnchlor 
ethylene tends to be amorphous, as when naphtha is used 
as a diluent and the wax is readily discharged over weirs in 
the centrifuge, especially designed for the process by the 
Separator-Nobel 

Fig 3 shows a complete dewaxmg plant for contmuous 
operation with direct ammonia chilling The oil or solvent 
(or both) IS heated to an appropriate blending temperature, 
eg 120° F , depending on the pour-pomt of the oil, the 
blendmg bemg effected m a mixing column From here 
the solution passes through a heat exchanger, where it is 
precooled by the cold solution discharged from the separa- 
tors It then passes through two chillers which are equipped 
with agitators m the top and work with direct expansion of 
ammonia from the refrigerating plant From the second 
chiller the solution flows into the separators at the desired 
separating temperature, which is normally about — 20° F 
The dewaxed solution, after being used to precool the in- 
going solution, IS preheated by means of the vapours 
arising from the solvent-recovery still and then passed 
through a steam preheater into the still where it is heated 
to about 230° F by mdiiect exhaust steam, the last traces 
of solvent being removed by means of hve steam 


When treatmg oils containing only a small percentage of 
wax, the wax discharged from the separators may be stored 
and run into the oil-phasc solvent-removal still, when the 
separator plant is shut down For oils containing a large 
percentage of wax, however, a separator solution-removal 
still for the wax is employed 
The overhead solvent and water vapours from the still 
are condensed and separated in a static tank, from which 
the recovered solvent is returned to the blending column 

The Separator-Nobel Centrifuge. 

The design of bowl and covers is somewhat different 
from the usual type of centrifuge The solid wax is auto- 


matically and continuously discharged from the central 
part of the bowl mto one upper and one lower wax re- 
ceptacle, both of which are provided with closed steam 
coils m order to render the wax sufficiently fluid to be 
easily discharged from the receptacles On the other 
hand, the receptacle into which the dewaxed cold oil 
IS discharged from the bowl is carefully heat msulated, 
as this oil is used to precool the ingomg solvent-oil 
blend 

The separator is belt driven by an electric motor Its 
capacity is dependent on wax content, viscosity, and desired 
pour-point required 


Imp gallons of oil-solvtnl blend per hour 220-440 

Imp gallons of dtwaxed solvent-lree oil per hour 74-176 

rpm of bowl 9,000 

r p m of pulley 900 

Power consumption 4 5-5 5 h p 

Suitable motor 6 5 h p 


The best average chilhng rate has been found to be 
10-15° F per hour, so that chilling from 1 10° F down to 
—20° F takes about 12 hours With exceptionally diffi- 
cult stocks a lower chilling rate of about 8° F per hour 
IS necessary 

Charging Stocks for the Separator-Nobel Process. 

The following table illustrates some of the results ob- 
tamed by the De Laval Separator-Nobel method 
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CO Soluent to stomgr 
or feed pipe 1 
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Bansol Process 

In the Bansol process there have been co-ordinated suc- 
cessful means for the contuiuous discharge of crystalline 


Another portion of solvent from storage, referred to as 
solvent make-up, is pumped to a heat exchanger and am- 
monia cooler and then mixes with the wax solution from 
the primary centrifuges and flows into the primary wax 
solution tank 

The mixture of solvent make-up and wax solution from 
the primary centrifuges is pumped to the re-run centri- 
fuges 

The re-run centrifuges discharge a wax solution substan- 
tially free of oil, which flows to the wax solution tank, from 
which It IS pumped to the solvent recovery unit 

The oil solution from the re-run centrifuges, which is veiy 
low in concentration of wax, flows to the recovered oil solu- 
tion tank and is then pumped through the heat exchanger 
to recover its refrigeration and returned to the heating and 
blending tank 

Ammonia refrigeration is applied to the direct expan- 


BARISOL PROCESS 



wax from a centrifugal rotor and the use of a heavy anti- 
solvent as a diluent A flow diagram of the Bansol process 
IS shown as Fig 4 

Stock and solvent from storage are picked up by pumps 
and transferred to the heatmg and blending tank There 
IS also mtroduced into this heating and blending tank a 
mixture of solvent and oil recovered from the secondary 
separation, to be described later 

In the heating and blending tank the solvent, stock, and 
recovered oil are heated to a temperature to completely 
dissolve the wax, that is approximately 1 00° F , and agitated 
to produce a umform mixture 

From the heating and blending tank the dilute stock 
passes to the dilute stock charge pump which forces it 
through chillmg machines In the chilling machines the 
dilute stock is first chilled by exchange with dewaxed oil 
solution commg from the wax separation, and then by 
direct ammonia expansion From the last chiller, at a 
temperature from 0° to — 20' F , depending upon the stock, 
the diluent and the pour test required, the mixture passes 
to the primary centrifuges 

In the pnmary centrifuges the mixture is separated into 
a dewaxed oil solution and a wax solution containing some 
recoverable oil 

The dewaxed oil solution passes to the dewaxed oil solu- 
tion tank, from which it is pumped to the first exchanger 
chilling machines for the recovery of its refrigeration and 
then on to the solvent recovery unit 


Sion chilhng machine and to the cooler for the solvent 
make-up 

The recovery of the solvent or diluent from the dewaxed 
oil solution and the wax solution is accomplished by 
distillation followed by steam strippmg, both at atmospheric 
pressure 

The Bansol Dewaxing Centrifuge. 

A new type of centrifuge has been developed for use in 
the Bansol process The rotor or bowl of the centrifuge is 
comparatively short and large in diameter This shape of 
bowl facilitates the flow of crystalline wax within the bowl 
A nozzle extending into the bowl takes up the wax as it 
IS separated by the centnfugal force, utilizing the inertia in 
the rapidly rotating wax to assist m this operation and the 
discharge of the wax through the nozzle and tube to which 
it IS attached This method of wax discharge has been 
found successful for the contmuous discharge of even the 
most crystallme wax met with in petroleum oils 

Commercial sizes of the Bansol centrifuge operate at a 
rate of 600 U S gal per hour of waxy oil solution 

Solvents. 

Vanous solvents may be used in the Bansol process as 
diluents, and, because of the ability of the centnfuge to dis- 
charge the most crystalline wax, full advantage may be 
taken of the wax anti-solvents The wnter [7, 1933] has 
found ethylene dichlonde to be an excellent heavy anti- 
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solvent An oil solvent such as benzene must be added to 
the ethylene dichloride to prevent the precipitation of highly 
paraffinic oil with the wax This mixture of ethylene di- 
chloride and benzene has a devraxing differential of from 
10“ to 15“ F 

By reason of the high solvent effect of this diluent for 
asphaltic material, such constituents of the stock to be de- 
waxed have no inhibiting effect upon the wax precipitation, 
and the most asphaltic residues may be completely dewaxed 
and the dewaxed oil subsequently purified by acid treating 
or solvent extracting, with satisfactory pour tests in the 
finished oil 

Chilhng. 

Because of the crystalline character of the wax precipi- 
tated from the solvent described above there is some 
tendency for the coating of the chilling surfaces Chilling 
machines are therefore preferred and, because of the higher 
transfer rate obtained through the scraped surfaces, are 
economically justifiable 

Chilling conditions arc not critical cither with regard 
to rate of temperature reduction or temperature differen- 
tial 

Suitable Charging Stocks tor the Bansol Process 

Because of the ability of the solvent mixture used as a 
diluent in the Bansol process to overcome the inhibiting 
effect of asphaltic material on wax precipitating and because 
of the ability of the centrifuge to discharge crystalline wax 


as well as amorphous wax, any type of raw lubricating stock 
may be dewaxed by the Bansol process Because of this 
flexibility the decision as to what stock should be dewaxed 
involves a relationship between the dewaxing process and 
the other steps m the refinery, such as distillation, acid 
treating, and solvent extraction Economy of operation and 
increased yield of finished lubricating oil are obtained by 
dewaxmg first and acid treating or solvent extracting 
afterward This is especially true in the case of residual 
stocks 

Examples of dewaxing of typical American Lubricating 
Stocks are tabulated below 

Re-running Primary Wax 

When the Bansol process is operated on stocks which can 
be handled by the Sharpies process, the yield and character 
of the pnmary wax is substantially the same as that obtained 
from the Sharpies process In the Bansol process the 
pnmary wax is discharged cold and in such a condition that 
It may be re-suspended in additional diluents This makes 
possible the recovery of additional oil by centrifuging the 
mixture so obtained By this procedure the yield of wax 
IS reduced to about two-thirds of that obtamed by the 
Sharpies process, with corresponding increase in oil yield 
This re-running operation requires no additional refrigera- 
tion and no additional distillation for the recovery of 
diluents, since the oil solution recovered in the re-run is 
returned to the first run operation Additional separatmg 
capacity is of course required 


Examples of Bansol Dewaxmg 


T\pe of raw i/oc^ 
lists on raw stock 
Gr API 
FI, ' P 
Fr.‘F 
Vise al 100° F 
Vise at2t0“F 
VGC 

Solid-pomt, ° F 
Colour 

Dewaxing conditions 
Vol of sol for dilution 
Vol of sol for wash 
Centrifuging temp , ° F 

Yield 

Dewaxed oil 
Wax 


Mtd-Com ' Mul'Cont Mid-Coni Mtd-Conl . Mid^Cont 

Max wax slop oil slop oil \ lube 

distillate distillate filtertd dark ' distillate 


28 0 23 8 27 5 26 2 1 23 7 

400 ' 430 4SS 460 465 

455 495 535 545 I 545 

139 304 

, 50 57 58 , 68 5 

0 859 I 

94 60 , 102 98 I 74 

dark ' UTR lOTR iTR I green 

30 I 25 30 ; 30 j 30 

20, 15 I 20 1 75( 15 

-20 I -16 X -8 -9 

74 0 91 3 82 6 85 5 I 85 2 

26 0 8 7 17 4 14 5 ! 14 8 


Treated and Treated and 1 rcated and I Treated and 

After treatment of dewaxed oil liltcrcd ' filtered None filtered filtered 


Tests on finished oil ' 

Gr API 25 3 ] 23 7 25 8 25 4 

FI . ° F I 390 425 , 455 , 460 

Fr,°F 455 495 535 545 

Vise at 100° F 209 5 i 339 536 ’ 550 

Vise at 210° F 46 50 25 61 1 61 5 

Vr 80 53 5 , 75 3 , 74 6 

Solid-point, ° F -4 -4 I -6 | -2 

Cloud. ° F ■ -4 -4 -6 I -2 

Colour TR 10 9| | 9 ' 9 


Tests on wax , I I ' 

Gr API I 

Melting-point, ° F , 121 i 110 | 134 | 135 


24 0 
475 
545 
854 
72 
66 
-18 
-30 
41 


124 
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Examples of Bartsol Dewaxing 


Type of rav! stock 
Tests on raw stock 
Gr API 
FI , “ F 
Fr,°F 
Vise at 100" F 
Vise at 210" F 
VGC 

Solid-point, ° F 


Dewaxing conditions 
Vol ot sol for dilution 
Vol of sol for wash 
Centrifuging temp ° F 
Yield 

Dewaxed oil 
Wax 


‘ Mld-Cont 

I vac Mld-Cont 

\ OH cyl St cyl st i 


21 6 I 21 6 

S60 SIO 

6SS 600 

171 134 

66 60 

green dark green 



86 0 ' 83 8 

140 162 


Mld-Cont Mld-Cont East Texas 

cyl St residue i dark residue 


21 1 24 6 19 0 

530 420 ' 475 

610 475 555 

182 78 5 170 

0 865 

70 86 

dark green dark green black 


35 30 I 40 

15 15 20 

-2 18 ' 43 


85 2 ' 83 0 I 69 1 

14 8 17 0 I 30 9 


After treatment of dewaxed oil 
Tests on finished oil 
Gr API 
Fi.»r 
Fr. “F 

Vise at 100" F 
Vise at 210° F 
VI 

Solid-point, ° F 
Cloud “ F 
Colour T R 
Tests on wax 
Gr API 

Melting-point, ° F 


Treau-dand Treated and Treated and Treated and I Treated and 


-16 

41 


23 5 23 5 

505 525 

580 615 

1,892 2 673 

109 140 

712 812 

-10 -2 

- 20 - 30 

5 i 


I 

25 2 I 216 

415 460 

475 I 530 

725 1,973 

70 5 I 108 

812 ' 646 

6 I -8 

21 i _ _ i 


Examples of Bartsol Dewaxing 


Type of raw stock 
Tests on raw stock 
Gr API 
FI, °F 
Fr , " F 
Vise at 100’ F 
Vise at 210° F 
VGC 

Solid-point, ° F 

Dewaxing conditions 
Vol of sol for dilution 
Vol of sol for wash 
Centnfuging temp ° F 

Yield 

Dewaxed oil 

Wax _ 

After treatment of dewaxed oil 
Tests on finished oil 
Gr API 
FI, "F 
Fr, "F 

Vise at 100" F 
Vise at 210" F 
VI 

Solid-point, " F 
Cloud, F 
Colour T R 


Tests on wax 
Gr API 

Melting-point, ° F 


Pa cyl I Pa I res 
St dark dark 


26 2 27 6 

530 460 

620 510 

146 , 76 

36 16 

green green 


30 , 30 

15 10 

-7 -8 


83 8 ' 90 3 

16 2 9 7 


Filtered Filtered 


Pa I res M C cyl st 
duo-soUed filtered 

31 0 24 0 

400 535 

470 615 

61 5 ! 137 

88 100 

|TR i 


3 5 3 0 

20 15 

-13 4-1 


80 8 87 0 

19 2 13 0 

None , None 


29 9 I 22 3 

410 , 525 

470 , 615 

452 3,294 

63 5 153 

108 2 I 76 5 

-4 - 2 

t ' * 


117 I 134 


' 326 

I 124 
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THE FILTER PRESSING OF WAX DISTILLATE AND THE 
SWEATING OF SLACK WAX 

By FRED W PADGETT, M S 
Moore and Murger Company 


An understanding of the fundamentals applying to the 
filter-pressing operation results from a consideration of 
Poiseuille’s law of viscous flow and its application, qualita- 
tively, to the particular process According to this law 
the linear velocity of flow of a viscous liquid through a 
capillary is 



where Kequals linear velocity of the liquid, fTis a constant, 
P IS pressure drop through the tube, r is radius of the tube, 
L IS length of the tube, and ij is the absolute viscosity of the 
liquid The filter cake is a porous wall of wax crystals, the 
capillary openings between the crystals permitting passage 
of oil in a manner which is assumed to follow the equation 
given above The linear rate of flow through a filter cake 
is approximately proportional to the volume throughput 
for a given area and thickness of cake, since for a fairly 
uniform size of particle in the cake the per cent voids in 
the cake is approximately independent of the actual size 
of the particle The volume rate of flow through a cake as 
influenced by the crystal size and therefore by the size of 
the capillary passages between the crystals hence is seen 
by PoiseuiUe’s law to be directly proportional to the pressure 
drop through the cake and to the average of the square of 
the radii of the capillary openings, and inversely propor- 
tional to the thickness of the cake and the absolute vis- 
cosity of the oil at the pressing temperatures The size of 
the capillary openings in the cake will depend upon the 
character of the wax in the distillate, the rate of chilling 
of the distillate, and the viscosity of the medium (influence 
on crystal size) As the cake becomes thicker and the pres- 
sure drop through the cake greater, it is reasonable to 
expect that the capillary openings will become smaller to 
some extent, due to compressibility of the cake While the 
viscosity of the oil associated with the wax is not great at 
100° F, where the chilling starts, it is considerable at 
the temperature where the pressing occurs and hence is 
an important factor m filter rates A Mid-Continent oil 
having a viscosity of 60 Saybolt at 100° F will have a 
viscosity of 200 to 2S0 at 40° F and between 9(X) and 
1,500 at 0° F , one having a viscosity of 80 Saybolt at 
100° F will have a viscosity of 300 to 500 at 40° F and 
more than 1,800 sec at 0° F 
The conventional picture of the filter-pressing operaUon 
as presented in the above paragraph is extended by con- 
sidering that the filter cloth may become clogged with wax 
crystals and that m the extreme case the fine crystals and 
mal-crystalline wax may be forced through the filter cloth 
In view of the factors which limit the direct pressing of 
wax distillate, it is evident that the preparation of the distil- 
late prior to the chilling and pressing is extremely impor- 
tant In truth, this problem is the one which concerns the 
refiner more than any other in connexion with the tech- 
nology under consideration, for the simple reason that 
when the distillate is suitable, the difficulties in the subse- 
quent operations disappear 


Until recent years wax distillate generally was prepared 
m two ways One was to separate a ‘pressable’ product in 
the course of distilling paraffinaceous, residual crude oil to 
coke in coking stills The vapours went up into air-cooled 
towers where a number of fractions were separated, one 
or more of these fractions being in the category of ‘press- 
able’ wax distillate The towers acted as partial con- 
densers and separators, and generally no effort was made 
to introduce efficient fractionation Another method of 
preparing wax distillate was to separate a ‘raw wax distil- 
late’ when distilling a residual oil down to ‘cylinder stock’, 
‘tar’, or ‘flux* with fire and steam in batch, semi-con- 
tinuous, but usually in continuous, batteries of shell stills 
The raw wax distillate, which might have a viscosity of 
90 to 150 sec Saybolt at 100° F , was then redistilled, 
generally in batch stills, with fire and steam, permitting 
mild cracking, and leaving a residue of 5 to 15% This 
‘cracked wax distillate’ had a viscosity of 50 to 80 sec 
Saybolt at 100’ F , and usually contained from 8 to 15’};, 
wax. It would afford a satisfactory filter rate if it had been 
properly fractionated and entrainment eliminated The 
cracking served to produce diluent and possibly to elimi- 
nate by pyrolysis the higher, mal-crystalline waxes 

In recent years there has come the realization that 
cracking is not necessary in the preparation of distillates 
for pressing, the requirements being good fractionation 
and elimination of entrainment of heavy residues and dis- 
tilates If dilution is necessary to reduce viscosity of the 
medium this can be accomplished by adding a low-boiling 
product to the wax distillate This advance appears to 
have been coincident with the application of principles 
of fractionation to petroleum refining during the past 
10 years It is reported that pressable distillates having 
viscosities as high as 100 sec Saybolt have been prepared 
by careful fractionation, but in this connexion it should 
be remembered that the important consideration is the 
viscosity at the pressing temperature and depends upon 
the slope of the viscosity-temperature curve Naturally, the 
refiner desires to obtain the maximum yield of, say, 200 
viscosity neutral oil, and hence he is gomg to work with 
the highest end-point and viscosity of medium possible, 
all of which indicates that precise and practical control 
methods are desirable 

The control of wax distillate for filter-pressmg is accom- 
plished through laboratory filtration tests on a small scale, 
routine distillation tests under vacuum, and photomicro- 
graphs Refineries which process wax distillate generally 
have available small batch chillers and filter presses which 
are used for working up wax distillates experimentally 
This equipment can be operated to parallel the large-scale 
process, but is time-consumuig More often a small scale, 
quick test, which mcludes chillmg and pressmg, is used for 
control work For example, the ‘squeeze test’ used by tiie 
Atlantic Refimng Company consisted m placmg some of 
the chilled distillate in a cloth, foldmg and then twisting 
to determine whether the oil comes through rapidly, and 
whether there is wax appearmg at the same time 
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In regard to distillation tests for control of wax distillate 
for pressing, Peterkin [6, 1928], writes the following 
‘Experiments show that first a gradual increase in pressing 
rate and finally a sudden decrease may be expected as the 
95% point of a vacuum assay increases and this in spite of 
the fact that sufficient gas oil may be added to the lower 
end of the boiling-range to make the viscosities in each case 
the same Coincident with sudden change in pressing rate 
the wax becomes either difficult or impossible to sweat ' 
Schcumann [7, 1933] states that a vacuum assay at 2 mm 
pressure absolute and then correcting the boiling-points 
by means of the Ashworth vapour-pressure chart indicates 
that a maximum boiling-point of 850 to 900“ F provides 
a wax distillate which gives a desirable crystal structure 
Commenting in regard to wax distillates in general, it 
canbe said, however, that a rigid designation of end or 
maximum point cannot be applied universally because the 
nature of the original crude oil has an influence, this fact, 
nevertheless, does not destroy the practical value of the 
distillation test 

Hefley [5, 1927] expressed the opinion that pressing and 
sweating properties could be determined by microscopic 
study, and the method has been applied widely to com- 
mercial practice Very useful information on this method 
has been given by Davis and Campbell [3, 1933] The 
apparatus consists of camera, microscope equipped with 
nicol prisms, and warm stage The warm stage is fitted 
internally with a hanging-drop microscope slide, and a 
thermometer is inserted in the air space above the slide 
The water-jacket of the warm stage is connected to the hot 
and cold water supply with needle-valves The procedure 
in microscopic study is as follows a drop of the sample 
(after filtering through filter-paper) is placed in the slide 
depression and distributed by tilting the slide The instru- 
ment IS adjusted so that the sample is between crossed nicols 
and the microscope is focused on the sample Cold water 
IS first passed through the stage until crystals begin to 
appear, this is designated the ‘saturation’ temperature 
Hot water is then passed through imtil a temperature 40 F 
above the saturation-point is reached Thereafter cold water 
IS added so that the stage temperature decreases at the rate 
of 1 7° F per mm until a point 10“ F below the saturation 
temperature is attained The photograph is then taken, or 
the crystallization is compared with a series of standard 
photographs and indicated by number Fig 1 shows 
photomicrographs, by Davis and Campbell, of a number 
of wax distillates with end-points at 40 mm pressure The 
last two products at the right give low-pressing rates and 
poor oil yields 

As stated previously, the effect of viscosity of medium 
may be counteracted by dilution of the distillate with a low 
viscosity product such as kcrosine, gas oil, or naphtha 
distillate, but, generally, this will not correct a poor press- 
ing distillate which has been improperly fractionated It is 
worth while mentioning, in this connexion, that the solvent 
power of the diluent may have an effect through its 
tendency to dissolve the mal-crysUlline wax, but, on the 
other hand, it may cause a higher pour-point for a given 
pressing temperature due to solubility of wax 

The question of rate of chillmg of wax distillate is one 
that cannot be discussed positively The chilling rates vary 
considerably and various refiners do not agree as to the 
proper rate Some believe that a correlation of chillmg 
rate and viscosity for the plant m question is necessary, 
while others indicate that no advantages are to be gained 
by a slow rate of chillmg and that the only limit, when a 


properly fractionated distillate is being processed, is that 
imposed by the heat-transfer rate However, border-line 
products might be rendered pressable by slowing down the 
chillmg rate The overall rate of chilling of wax distillates 
m commercial operation may be as high as 2° F per min , 
but generally is considerably less 
In most refineries the wax distillate is chilled and pressed 
m two stages, one at some temperature between 30 to 
60 F , and the other down to 0“ F or below The two 
slack waxes so secured may be combined and sweated, that 
obtained at the higher temperature only may be sweat^, or 
the two sweated separately The reason for the pressmg 
at two temperatures is mainly a mechanical one direct 
chilling down to 0“ F or below results in a distillate so hard 
in consistency that the resistance set up to the movement 
of conveyors and chillers may cause damage to the chilling 
equipment 

(1) Sweating la Scale Wax 


Stack 



ReiuJue lnlirmediaU\ Foots oil 

Stale na\ Ocncrallj recycled Recycled with wax 

May be percolated with slack wax distillate, sweated or 
through fuller s sent to tracking 

earth Generally not stock 

more than 1", oil 
ind moisture by 
press method 


(2) Sweating to Fully Refined Wax 
Slack wax 

I 

Sweating 


Ristdue Interim diaht Foots oil 

I Generally recycled Reeyelcd with wax 

with slack wax distillate, sweated or 

I sent to cracking 

Sweating stock 


Risiduc Intermediates First fraction 

I Sweated for fully Sweated for low mclt- 

I rehned wax of low ing fully rehned, re- 

I melting-point cycled or taken from 

I sweating system 

Acid treating, percolation, or both 

/■«//> refimd wax High melting-point and 
tensile above 200 lb per sq in at 70 F 
Fig 2 Outline for sweating to scale wax and fully rehned wax 

According to (Campbell and Wilson [2, 1919], one of the 
first methods used for chilling wax distillate was the in- 
ternally cooled drum chiller, the distillate being chilled on 
the outside surface However, the ‘shock chillmg’ which 
occurred resulted in poor crystallization, and consequently 
there was trouble in pressing Another apparatus was a 
cylinder externally cooled by brine and equipped with 
scrapers on the inside In the United States double-pipe 
chillers with screw conveyors in the inner space were intro- 
duced into the refining industry early m its history At the 
present Ume most of the refineries employ the double- 
pipe chiller, operated continuously with helical conveyors 
or other surface-scraping and stirrmg devices located in 
the inner space where the oil is movmg The conveyor or 
scraper is an important part of the equipment, not as a 



1956 


DEWAXING 


means of moving the oJ forward, but serving to remove 
sohdified distillate from the heat-exchange surface and to 
stir up the mass of oil and wax crystals, thus aiding heat 
transfer from the sides of the body of the distillate, and 
promoting favourable crystal growth Cold brine is cir- 
culated countcr-currently through the outside jacket, or 
ammoma is expanded directly through the same space as 
coohng agent 

Illustrations of double-pipe chillers for wax distillates are 
shown m Fig 3 The rate of heat exchange is necessarily 
low, the maximum reported bemg about 20, but the average 
4 to 8 B Th U per hr , per sq ft of exchange surface, per 
degree mean temperature difference Another type of 
chiller used rather extensively for chilling wax distiUate is 
the Gray Chiller shown m Fig 4 It is vertical and 
resembles a large ice-cream freezer, and the scraper blades 
are forced positively against the heat-exchange surface, 
resulting in effective removal of solidified distillate from 
the walls The York Chiller resembles the usual horizontal 
double-pipe chiller, but scraper blades are forced against 
the heat-exchange surface The Carbondalc Chiller utilizes 
long pitch, helical ribbon scrapers 
In addition to the brme and ammonia, water and some- 
times cold distillates from the presses arc used as cooling 
media in the early stages of the chilling Absorption 
refngeratmg machines arc used widely for cooling the brme 
for the chilling machines, the use of ammonia by direct 
expansion into the jackets oi the chillers being a rather new 
development resulting from the demand for lower tempera- 
tures However, mcreased capacity and lower temperatures 
also arc secured by adding a booster unit to the absorption 
machines One ton of refrigeration will provide a through- 
put of about 8 to 10 bbl of wax distillate when double 
pressmg from a temperature of 100° F down to a final tem- 
perature of 0° F , the first-stage temperature being 40° F 
The Moore-Burmah chiller. Fig 5, is a type radically 
different from those discussed previously, and consists of 
a number of vertical, shallow cells, superimposed one above 
the other The oil and coolmg medium pass counter- 
current through alternate cells, those for the oil bemg 
equipped with scraper blades 
In plant practice wax distillate is chilled continuously 
The oil, at a temperature in the region of 100° F, is 
pumped through the chillers, gomg thence to the filter 
presses In double pressing the distillate comes from the 
first-stage chillers, proceeds to the first-stage presses, and 
the oil which emerges is sent through the second-stage 
chillers, appeanng at a temperature of 0° F or below 
The press used for filtering chilled wax distillate is a long, 
horizontal, segmented cyhnder, divided into as many as 
500 cells, each } in in thickness and 46 m in diameter 
A circular opening runs honzontally through the centre 
of the press A more detailed consideration of the appa- 
ratus reveals an outside frame consisting of two heads, 
one stationary and the other movable, the rods coimecting 
the heads, and a hydraulic cylinder for operating the mov- 
able head Filter plates alternate with spacing rings within 
the frame, and both are suspended by lugs on the side rods 
The filter plate is covered on both sides with cloth and has 
an opening in the centre Underneath the filter cloth on 
the two sides of the filter plate is located either a perforated 
plate or a screen, which will permit the oil, as it comes 
through the filter cloth, to flow down and away The faces 
of the filter plates are equipped with knobs, called bungs, 
which serve to maintain the cells at a constant thickness 
The chilled wax distillate is forced mto the press through 


the centre openmg, where it distributes mto the cells, the 
wax cake gradually building up therein, the oil finding its 
way out through the wax cake and the filter cloth, dnpping 
dovm mto the oil trough, and proceedmg finally to the 
receivmg tank for pressed distillate The operation is com- 
plete when the pressure indicates that a safe limit is reached 
If the distillate has been properly prepared and the pressmg 
operation contmued long enough, the press will be filled 
with a compact cake In order to remove the slack wax 
from the press the oil trough is moved aside, the tie rods 
unbolted, and the loose head moved back Next the cells 
arc forced open one by one and the slack wax prised loose 
and dropped mto the wax trough, where the screw con- 
veyor takes It to the receivmg tank for slack wax Clamping 
back the movable head by means of the hydraulic cylinder 
and bolting up the tie rods serves to assemble the press 
for another filtration 

The various filter presses used for wax distillate are of 
similar design, but may differ somewhat m detail In one 
type the filter cloth is backed by wire screen, m another by 
a perforated plate The filter cloth used often is 12 oz 
canvas duck The pressures which filter presses will with- 
stand vary up to 500 lb , but often the safe limit is 350 to 
400 lb to the square inch 

The filter rates secured m pressmg wax distillate vary 
considerably, but an average of 0 02 to 0 06 gal pressed 
distillate per hr per sq ft of filter area gives a good idea 
of the performance 

The wax from the filter presses is known as ‘slack wax’ 
and often contains about 50"i oil If the distillate has been 
properly prepared, this slack wax will sweat satisfactorily, 
otherwise not Wax distillates of the ideal variety show 
good pressing rates, and the slack wax sweats with facility, 
giving yields of 30 to 45% of scale wax Sometimes a 
distillate can be filter-pressed, but the wax will not sweat 
The extreme case is the distillate so poorly prepared that 
it will not press, hence there is no slack wax to sweat All 
of this, of course, goes back to the preparation of the distil- 
late, which m composition should include all of the waxes 
up to the mal-crystalline wax, but essentially excluding the 
l^t mentioned 

The process of sweating is one of drainage, fractional 
fusion, and soluUon The wax first is chilled to a tempera- 
ture below the solidification point, the result being a matrix 
in which needle crystals predominate if the sweating is to 
proceed m a satisfactory manner As the temperature is 
raised slowly, the oil, softer and lower-meltmg waxes flow 
away, leaving a porous cake having a distinctly fibrous 
structure resembling that of cotton batting As the heating 
continues the oil drams away from the fibres and capillary 
openmgs accompamed by a partial melting 

Recycling is an important part of the sweating process 
In sweatmg slack wax two fractions are separated, leavmg a 
residue which is the product sought after The first fraction 
IS foote oil, and may have a solidification point of 90° F 
It may be resweated, separating another foots oil which 
may be recycled with the wax distillate or be taken from 
the system and sent to cracking stock The residue left from 
the sweatmg of foots oil is a low-meltmg wax which may 
be marketed, for example, as match wax, or recycled with 
the slack wax Generally, however, foots oil is not re- 
sweated, but either is recycled with the wax distillate or 
taken from the system The second fraction secured m 
sweatmg slack wax, known as intermediate wax, may have 
a melting-point of 100 to 1 15° F , and is recycled with the 
next batch of slack wax 
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DEWAXING 


The waxes of commerce made by sweating may be 
divided broadly into the ‘ scale ’ and ‘ fully refined ’ varieties 
The scale wax is crumbly and contains 1 % or less of oil 
and moisture by the press method of test (A S T M 
Method D 308-29 r), while the fully refined waxes are 
non-crumbly and contain much less oil The scale waxes 
will sweat oil in packages while the fully refined products 
do not The melting-points of the waxes secured by sweat- 
ing usually arc below 135'^ F by the A STM Method 
(138° F American melting-point) and generally above 
i20°F, although match wax has a melting-point about 
1 10° F The tensile strengths of the scale waxes at 70° F , 
unless specially treated, generally are below 60 lb to the 
square inch, while those of the fully refined waxes vary 
between 200 and 400 lb per square inch at 70° F 

It IS usually not possible to prepare a fully refined wax 
from slack in one sweating In resweating to secure fully 
refined wax the product secured first is melted down, 
recrystallired, and sweated again Fig 2 shows outlines 
for sweating slack wax down to scale wax and full refined 
wax The methods shown arc not to be accepted as stan- 
dard because the methods and equipment vary in different 
refineries 

A survey of the technical and patent literature shows that 
a great variety of methods and equipment have been pro- 
posed for sweating wax, only some of the more mterestmg 
ones will be mentioned here An early method of partially 
separating wax and oil was to place the solidified wax or 
distillate in bags in a special room and permit some of the 
oil to drain away Larly patents proposed placmg moulded 
blocks of the wax in cells or cages and to pass them slowly 
through a heated zone Another method was to force the 
chilled mass into a press consisting of a perforated tube 
lined with filter cloth and heated indirectly with steam Still 
another was a sweating apparatus consisting of an annular 
space for the slack wax and a vertical, cylindrical sweaung 
surface on the inside the slack wax is cooled from the out- 
side inwardly and the sweating consummated by heating 
from the inside outwardly Pressmg and sweatmg are 
combined in another method which specifics the removal 
of oil laterally through perforated surfaces, the pressure 
being applied in a direction at right angles to the flow of oil 
A different method is to mix the wax at a temperature a 
little above the melting-point with water at a temperature 
of a little below the melting-point of the wax and then 
working, kneading, or sweating to produce separaUon 
A recent patent specifies sweating in a solution of sodium 
silicate Cooling and heating surfaces with fins attached 
also are specified, while somewhat along the same line are 
small rods located vertically to produce drainage channels 

The apparatus most generally used, however, for sweat- 
ing wax in refineries of the United States is the ‘sweating 
pan ' which is a shallow tray with sloping bottom The pan 
may be 8 to 12 in in height at the sides and 14 to 16 in at 
the centre where the sloping bottom converges to the outlet 
line A screen or a perforated plate is located at the junc- 
tion of the sloping bottom with the sides of the pan, and a 
continuous coil of pipe is laid above the screen or per- 
forated plate If a screen is used, it is supported by angle or 
T-iron, and is of 40 or 50 mesh laid over a heavier screen 
having openings about 1 in square The perforated plate 
may have openmgs ^ to i m m diameter The coil in the 
pans consists of 1-in pipes connected by return bends 
SweaUng pans are assembled in stacks of 6 to 8 in well- 
insulated rooms with steam coils arranged around the sides 
of the room. The pans are connected to piping for ad- 


mission of water and charging stock, circulation of cold 
and hot water through the coils on the screen, and some- 
times connexions arc provided for direct steam to aid in 
melting down the final product It is desirable that the coil 
in each pan have a visible overflow or other means to 
ensure uniform flow of water through each pan during the 
sweatmg The sweating room has large doors or shutters 
located at the ends which are opened to assist in the cooling 
of the wax and to provide ventilation, these doors are 
closed tightly during the sweating The pans vary in size 
up to 12 f) wide by 60 fit in length 
The operation of the sweating pan is as follows the 
sloping bottom is filled with water to a point slightly above 
the screen and the melted slack wax is introduced above the 
water, filling up the pan In order to chill the wax before 
sweating, cold water is circulated through the coils, and air 
permitted or forced to circulate over and around the pans 
After the wax has solidified, the water is withdrawn and the 
sweating started by circulating water at a gradually in- 
creasing temperature through the coils in the pans, also 
bringing up the temperature of the room simultaneously 
by admitting steam to the coils on the side walls If the 
slack wax is of good sweating quality, the oil will dram 
away rapidly, and thereafter the temperature may be in- 
creased rather quickly to the necessary temperature and 
held at that point until the residue comes to grade Finally, 
the cycle is completed by heating the oven to a higher 
temperature to melt down the wax The overall rate of 
heating, during sweating, is 1 to 2 F per hr 
The complete sweatmg cycle varies from 25 to 75 hr , 
depending upon the equipment used, the product being 
sweated and upon the final product desired This cycle 
includes charging the pan, cooling the wax, sweating, and 
melting down The actual sweatmg operation requires 50 
to 65% of the total cycle time 
The completion of the sweatmg is ascertained by test of 
the residue, such as melting-point oil content, or tensile 
strength When running to scale wax, operators can gauge 
rather closely when the sweatmg is completed by the taste 
of the sweat residue The press method (A S T M D 308- 
29 t) for oil content consists m pressmg a small sample of 
wax, located between disks of cloth, for 5 mm at a pressure 
of 1,000 lb to the square inch and temperature of 60“ F 
The expressible oil and moisture is calculated from the loss 
in weight of the cloth-wax sandwich This method can be 
applied to routine testing and has been useful, although the 
results show m no way the actual oil content of the wax 
Various methods of determining the oil content of wax by 
use of a solvent have been proposed, but often they are not 
sufficiently accurate for waxes containing only a small 
percentage of oil, or are too involved for routine work One 
method is the solvent mdex of refraction method of Wilson 
and Wilkm [8, 1924] A direct refractometric method of 
estimating oil content is that proposed by Diggs and 
Buchler [4, 1927] It mcludes taking the index of refraction 
before and after percolation through an equal weight of 
Attapulgus or Flondin clay and using a graphical method, 
established experimentally, to find the oil content It is 
claimed that the method is more accurate than the press 
method, gives more consistent results, and is more rapid 
The tensile strength method is applicable to fully refined 
waxes and has the advantage that the results not only give a 
rough indication of the oil content, but have a relation to 
the performance of the wax m service The disadvantages 
of the test are the tune required and rather poor diecks 
secured The latter disadvantage can be overcome to some 
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extent by testing at least 6 briquettes from each sample 
Despite the disadvantages, the test is valuable, particularly 
for fully refined waxes The procedure of the test is as 
follows the wax is melted in a glass beaker and heated to 
130° C The moulds located on metal plates, are then 
poured as full of melted wax as possible and permitted to 
stand 1 or 2 hr After this time the surface of the wax is 
scraped away at the constricted porUon, or shank, of the 
briquette, leaving a square section i in on the sides The 


found useful Fig 6 shows the Tagliabue time-tempera- 
ture control mechanism, which consists of two cams, 
operated by clock mechanism, one of the cams control- 
ling the water temperature and the other the room during 
the sweating 

Tank-type sweaters have been installed in a number of 
refineries and have been found satisfactory, particularly for 
sweating foots oil and slack wax This type of equipment 
occupies less space than the pan system, and the time of 
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briquettes are taken from the moulds and placed in water 
at a definite temperature (70" F is often used) for J to 
^ hr , then broken on the tensile machine, bringing up the 
indicator on the gauge at a slow, uniform rate Since the 
sides of the shank arc of i-in dimension, the reading on 
the gauge must be multiplied by 4 in order to secure 
tensile strength m pounds per square inch 
From an abstract point of view the design of the 
apparatus of the sweating-pan type is open to many 
objections But the operating and maintenance costs are 
low, and satisfactory results are secured in operauon, 
despite the fact that everything seems to be wrong It has 
been difficult to introduce new forms of apparatus or to 
make improvements in exisUng installations However, m 
some cases, temperatures have been made more uniform 
by improved cuculation of an and by more coils placed m 
the pans to hasten coolmg and facilitate sweating Auto- 
matic control of temperatures of the water circulating 
through the coils, and of room temperatures, has been 


cooling and sweating is reduced The temperatures in the 
tank sweaters can be made quite uniform and the tempera- 
ture control IS simplified, being dependent only on the water 
being circulated through the coils The tank sweater in its 
simplest form consists of an insulated box or cylinder, 
inside of which are located coils for cooling and heating, 
and perforated plates for holding back the wax, the 
sweaters also are provided with charging and run-down 
lines The coil surface in tank sweaters generally is much 
greater than in the pan system The Allan Moore sweater. 
Fig 7, IS divided into 7 sections by horizontal deck plates, 
each slightly coned at the centre and covered with sheets 
of expanded metal and wire screen to permit drainage 
towards the centre pipe, which pipe is the run-down line 
for the apparatus Spiral, horizontal coils are located in 
each section of the sweater and connected to manifolds out- 
side the shell Cold water circulated through the coils 
serves to chill the slack wax, while water of gradually 
increasmg temperature does the sweating 
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Buildings of substantial construction are required for 
wax-plant equipment The refrigeration machinery and 
brine coolers are often located m the same building with 
the chillers and filter-presses but in separate rooms, while 
the sweating ovens are in separate buildings Chillers are 
insulated by placing jackets around them and filling with 
material such as cork Filter presses arc in rooms which 
are well insulated, sometimes special vaults are provided 
Buildings for sweating pans are of heavy brick construction 
where the pan system is used, but shelter for tank sweaters 
may be of less substantial build Sweating ovens and filter 
presses may be located at sufficient height so that the pro- 
ducts will move to receiving tanks above ground or at 
lower levels where the flow is into tanks with bottoms below 
ground-level For details of wax-plant buildings and equip- 
ment reference is here made to the work of Bell [1, 1930] 

Pressed distillate from the filter presses is subjected to 
fractionation under vacuum or with fire and steam, 
separating gas oil, one or more lubncating oil distillates, 
and leaving a residue These are the low viscosity neutral 
stocks which are refined further by treating with acid 
contact with clay, percolation through filter clay, or 
combinations 

The waxes secured by sweating are generally refined 
further before marketing The sweating process not only 
reduces the oil content but improves the colour also, 
though not sufficiently to provide a white wax for the 
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market Therefore the wax is refined by treatment with 
sulphuric acid followed with sodium carbonate solution or 
dilute sodium hydroxide solution, percolation through 
fuller's earth, or by combinations of the above treatments 
Wax gives yields by percolation varying from 1(X) to 400 
bbl to the ton of clay 

The wax is marketed in various ways in cakes, barrels, 
bags, slabs, and in tank-cars A machine for packing wax 
in barrels is shown in Fig 8 The drum is cooled internally 
by water, and as the drum revolves it picks up a layer of 
wax from the pan underneath, which pan contains molten 
wax The layer of wax is removed by scrapers, falls off into 
chutes and then into barrels where it is tamped by hand or 
by mechanical devices In preparing slabs of wax, pans 
arranged in stacks arc filled with the molten wax and 
allowed to cool , after the wax has solidified the slabs are 
dumped from the pans Considerable wax is transported 
throughout the United States in tank-cars equipped with 
heating coils, and this constitutes an economical method 
of shipment The Gray machine for moulding wax cakes 
IS shown in Fig 9 The operation of this machine depends 
upon the arrangement of cooling plates on the sides of the 
moulds and a flow of molten wax mto the moulds as the 
cooling takes place The arrangement of the machme sug- 
gests that of a filter press with chilling plates (cooled by 
water) taking the place of filter plates, and moulds that of 
the spacing rings 
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Lubricating oils must not only possess the property of 
forming coherent and adherent films, but must also possess 
‘body’ enough for the required duty They must at all 
times remain homogeneous, and not become cloudv or 
opaque at low temperatures In order to fulfil these condi- 
tions the crude oil must be subjected, amongst other 
treatment, to the process of dewaxing, that is, the removal 
of solid hydrocarbons which separate out at low tempera- 
tures 

In the past two quite separate and distinct dewaxing 
processes had to be used for high viscosity and low viscosity 
wax stocks Pressing and sweating processes were used for 
removing and producing wax from wax distillate, while 
cold-settling and centrifuging were used for dewaxing 
cylinder stock 

The lubricants as dewaxed in this manner were not 
entirely satisfactory, those manufactured from naphthene 
base oils being suitable at low temperatures, but not pos- 
sessing the necessary degree of oiliness at elevated tempera- 
tures On the other hand, those lubricants manufactured 
from paraffin base crudes became cloudy at low tempera- 
tures due to the separation of wax 

The use of two separate processes for the dewaxing 
of various types of lubricating stocks has been a source 
of great expense to refiners, and methods have recently 
been devised whereby the entire range of wax-beanng 
stocks can be dewaxed by a single operation requiring the 
use of a special solvent The use of a single process for 
dewaxmg any wax-bearing stock has many advantages 
The cuts that must be produced in a vacuum tower are 
reduced to gas oil, lubncating-oil stock, and tar, only one 
type of dewaxing equipment is required, and the production 
of several blending stocks are unnecessary 

The general requirements of the solvent are as follows 

1 At approximately 100 ' F the lubricating-oil stock 
must be completely miscible with the solvent 

2 At - 5“ F or below the solvent must have sub- 
stantially complete solvent action upon the liquid 
hydrocarbons present, but substantially no solvent 
action on the solid hydrocarbons present 

3 On cooling a solution of the lubncating-oil stock in 
the solvent to 0‘ F , removmg the solid hydrocarbons 
so precipitated, and distilling off the solvent, the re- 
sulting lubricating oil must have a cold test of sub- 
stantially 0“ F 

4 The solvent must be cheap and non-corrosive 

5 The wax must be precipitated in a form in which it 
IS easily separated 

6 It IS desirable that the solvent be one which can be 
used both for dewaxing and solvent extraction 

Benztri-acetone Mixture as a Dewaxing Solvent 

It has been found that a mixture of acetone and benzol 
18 a very satisfactory solvent Methyl-ethyl ketone can be 
used in place of acetone, while the addition of toluol to 
replace some of the benzol is sometimes advocated The 


use of acetone alone results in the formation of two layers 
with the oil The use of benzol alone results in the pro- 
duction of lubricating fractions which, after removal of the 
benzol, possess a high pour-point A further disadvantage 
in the use of benzol alone is that it crystallizes out at low 
temperatures By combining these two solvents in the 
proper proportion, however, there is no separation of the 
liquid hydrocarbons as a second liquid phase, and on 
chillmg, the solid hydrocarbons are entirely separated in 
such a state as to permit easy filtration or centrifuging 
After removal of the solvent by distillation the resulting 
lubricating oils retain their oilincss at all temperatures and 
remain homogeneous at low temperatures The function 
of the benzol is to retain the oil in complete solution at 
the dewaxing temperature, while that of the acetone is to 
eliminate effectually any tendency of the wax to remain in 
solution at the dewaxing temperature The mixed solvent 
IS also a material aid to filtration by reducing the viscosity 
of the oil solution 

This process has been proved commercially and is 
now widely used The first plant was constructed at the 
Lawrenceville refinery of the Indian Refinery Company 
in 1927 and is still in successful operation, dealing with 
1,000-1,500 bbl per day By March 1936 a daily total 
of 6,000 bbl was being dealt with at the refineries of the 
Atlantic Refinery Company, Gulf Refinery Company, Her- 
bert Green & C ompany Ltd , and the Texas Company, 
while several other plants were bung constructed 

The reason for the commercial success of the above pro- 
cess was that it fulfilled the following requirements 

1 Produced from waxy stocks the maximum yield of 
wax-free oil consistent with normal stock fluidity and 
having the desired pour-pouit 

2 Was suitable for dewaxing any lubricating stock 

3 Permitted changing from one stock to another with 
minimum loss of time 

4 Was economical to operate and low in initial cost 

5 Was sound in fundamental theory, thereby enabling 
processing improvements to be incorporated without 
completely altering the plant 

The Benzol-acetone Dewaxing Process 

The method of operation and plant at present used for 
the dewaxing of lubncatmg-oil stocks by solvents of the 
acetone-benzol type are as follows 

The solvent mixture, which, as seen in the tables given 
later, vanes in composition with the type of stock used, 
but which usually consists of 35% acetone and 65% in- 
dustnal benzol, is contained m gas-tight storage tanks 
The solvent and oil streams flow contmuously into a mixer, 
the rate of these streams being controlled by means of a 
ratio-flow controller so as to ensure a continuously uniform 
solution 

A solution temperature of the order of 100-120° F is 
all that IS usually required With some oils, however, filter 
rates and yields can be improved by the previous heat 
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treatment of the solution In these cases the solution is 
heated about 50-60° F above the complete solution tem- 
perature and then unmediately cooled again by the inser- 
tion of a steam heater and water cooler in the charge line 
from the mixmg tank to the chilling equipment 
The mixture of solvent and oil stock is pumped from the 
mixing tank through continuous chilling equipment — ^the 
first part of which consists of heat exchangers— exchanging 
heat with the cold-pressed distillate mix from the presses, 
thereby cooling the solution down to about 25° F The 
solution IS then chilled by direct ammonia-expansion 
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bottom of the filter and is carried away by a screw con- 
veyor, the action of which renders the slack wax cake easily 
pumpable The cycle of filtering operations is as follows 
Filtering time 2S min 

Displacmg unilltcrcd solution 2 -4 

Applying gas pressure on the cake 7-10 , 

Dumping 10 , 

The filter rates used average from 0 3 bbl of oil per 
square foot per day for the heavier distillates to 0 5 bbl 
of oil per square foot per day for the lighter distillates 
These rates include blowing and dumping times 





chilling, the ammonia being supplied by either absorption 
or compression machines The final double-pipe chiller is 
automatically controlled to give the desired dewaxing tem- 
perature The pump must be installed in the line prior to 
the chilling, so that the wax crystals are disturbed as little 
as possible between chilling and filtering 
Two types of filters have been applied to the process, 
VIZ continuous drum-type vacuum filters and rotating-leaf 
pressure filters Both these types permit the use of insulated 
filter shells Pressure filters now in use have a filtering 
surface of 800 sq ft , while vacuum filters in use have a 
filtering area up to 500 sq ft The filters are emptied with- 
out opening by means of inert gas pressure First gas. 
pressure is applied to displace all the unfiltered stock from 
the filter back mto the filter tank Gas pressure is then 
maintained on the filter, thereby displacing liquid remainmg 
on the slack wax cake, which is about } m to m thick 
This pressure is mamtained until all the liquid has been 
dnven from the cake, as indicated by a rapid falhng in 
pressure on the filter, which occurs in 7-10 minutes This 
pressure is then released and the cake falls off into the 


Provision is made for washing the cake on the filter, as 
It IS sometimes desirable to wash it with chilled solvent 
before blowing it off the leaf 

The wax cake, on emerging from the conveyor, is 
mixed up by a rotary pump and pumped through a 
heat exchanger where its temperature is raised to about 
200° F , into a settling tank Here any water which may 
have madvertently entered the system is withdrawn Any 
acetone dissolved m this water is recovered in a small 
fractionating column The wax is then pumped to the 
solvent-recovery equipment 

The pressed distillate, on emerging from the filter, ex- 
changes heat with the chargmg solution as previously 
mentioned and then passes to the solvent-recovery equip- 
ment 

Several designs may be employed with equal success for 
the solvent-recovery equipment By using steam-heated 
evaporators 80-90% of the solvent can be removed by 
means of exhaust steam furnished by steam-driven pumps 
and other machinciy These evaporators consist of a hori- 
zontal cyhndncal shell containing three flat shallow pans 
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placed one above the other In each pan there are steam 
pipes The liquid flows into the top pan across the steam 
pipes there, then by means of suitable downtake pipes the 
remaining liquid passes to the second tray and across the 
steam pipes there In this way a small head of boiling hquid 
IS maintained, which combined with a high cross-flow 
velocity results in high heat transfer rates Exhaust steam 
IS charged to the top tray pipes where most of the solvent 
IS removed Higher pressure steam is charged to the pipes 
in the other two trays The heated oil from the lowest tray 
contains approximately 0 5% of solvent which is easily 
removed in a conventional steam-stripping column Sol- 
vent IS removed from the slack wax in the same manner 

In cases where exhaust steam is not available multiple- 
effect evaporators are used Steam is used to vaporize 
solvent from the filtrate soluUon, and these vapours used 
to vaporize more solvent at reduced pressure The process 
therefore affords the designer wide latitude in selecting an 
economical basis for design 

Solvent Losses 

For economical operation the solvents used must be 
stable at the temperatures required in the recovery process, 
easily removed from the oil and not chemically reactive 
with It Acetone, methyl-ethyl-ketone, benzol, and toluol 
all have excellent qualities in these respects as substantiated 
by records of solvent loss attending commercial operation 


of the process over long periods of time The total overall 
loss of solvent due to all causes amounts to only 0 05% of 
the solvent turnover Precautions taken to keep this loss 
to a minimum include the use of welded lines and vessels, 
blanketing of solvent tanks with inert gas, and grease-sealed 
lantern glands on pump rods, chiller shafts, filter trunnions, 
and similar glands through which the solvent might leak 
llie inert gas, which is used for pressing and blowing the 
wax cake off the filter leaf, passes through an oil seal before 
escaping to the atmosphere In this way any solvent present 
in the inert gas is trapped 

Composition of the Solvent 

The solvent usually used is a mixture of benzol, toluol, 
and acetone Benz^ol and toluol arc solvents for the oil, 
acetone a precipitant for the wax, and acetone and toluol 
act as anti-freezes for the benzol These factors must be 
borne in mind in adjustmg the composition of the solvent 
to suit the particular conditions In actual practice the 
acetone fraction varies from 25% to 35‘};,. the toluol 12% 
to 25^„ with benzol making up the remainder The more 
paraffinic stocks require lower acetone concentrations 
lower operating temperatures require higher combined 
acetone and toluol concentrations Naphtha is sometimes 
used instead of toluol 

The ratio of solvent to charge stock varies from two 
parts of solvent per one part of stock to four parts of 


Table 1 


Stock 

Source 

Solvent composiuon 
Acetone 

Methyl-ethyl ketone 

Benzol 

Toluol 

Yield of W4ix-frce oil 
Dewaxing temperature, * F 
Solvent ratio 


Tests 

Gravity API 
Viscosity SU atlOO'F 
.. 210“ F 

Pour-point, “ F 


Raw distillate 
Mid-Coiiltnenl 


Raw distillate 
hast frxas 


Raw distillate 
Mid-Continent 


Raw distillate 
Mill-Continent 


Raw Oklahoma 
residuum 
Mid-Continent 


25-15 


25-35 


35 


40 63 
12 2S 


40-63 

12-25 


65 

70 
-10 
3 I 


35 


65 


55 

45 


Charge Dewaxed Charge ■ Dewaxed 
oil oil , ml I ml I 


Charge 

oil 


Dewaxed Charge 
oil I oil 


Dewaxed . Charge , Dewaxed 
on oil ' oil 


23 9 23 3 

320 350 

50 50 

(30 -to 


26 6 i 22 3 , 24 0 

58 58 I 70 

mo I -5 j fllO 


23 0 30 1 

72 


74 

5 ,1-65 


28 0 I 23 6 

82 I 1,200 

I 90 

40 I -I 85 


Stock 


Raw long 
residuum 


Raw distillate 


Solvent-refim d 
distillate 


Solvent-rejiiied 

Haemgsen 

residuum 


Solvent-refined 

distillate 


Source 

Solvent composition 
Acetone 

Methyl-ethyl ketone 

Benzol 

Toluol 

Yield of wax-free oil 
Dewaxing temperature. ° F 
Solvent ratio 


Tests 

Gravity API 
Viscosity S U at 100° F 
.. .. 210“ F 

Pour-point, “ F 


Pennsylvania 


Pennsylvania 


Mid-Continent 


Germany 


Irag-Iran 


40 40 

60 ^ 60 

85 1 82 

-10 i -10 


35 30 


52 

13 


-11 


35 

65 

78 

-15 


' Charge 

Dewaxed \ 

Charge 

Dewaxed 

Charge 

Dewaxed 

Charge 

Dewaxed 1 

Charge 

Dewaxed 

oil 

oil , 

oil 

oil 

oil 

oil 1 

on 

oil 1 

oil 

oil 

\ 28 3 

27 3 , 

34 

312 

28 1 

27 3 1 

27 4 

25 9 1 

31 1 

29 3 

1 590 

( 730 1 

80 

107 

625 

755 1 

630 

804 1 


176 

1 74 

' 76 

38 

40 

67 

72 

72 

77 

44 

45 

f45 

-5 1 

-I- 70 

0 

-mo 

-5 ' 

-mo 

0 1 

-FllO 

-S 
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solvent per one part of stock, depending on the wax con- 
centration and viscosity of the stock 

Stocks Dewaxed 

In general this type of plant has been used for dewaxing 
distillate oils, normally ranging in viscosity from 40 Saybolt 
sec at 110°F to 160 Saybolt sec at 210° F from Mid- 
Continent, Kentucky, and Illinois crudes to produce oils 
with pour-points varying from 0° F to 35" F Oils outside 
this range have also been successfully dewaxed by this 
method, and Table 1 illustrates typical results 
For dewaxing heavy oils at low temperatures it is neces- 
sary to add toluol or naphtha to the acetone-benzol mixture 
to prevent the acetone forming two layers with the oil and 
the benzol from freezing Table II indicates the amount of 
naphtha to be added for various oils 

TABLt II 

I liinutv CompoMiinn of mh’int 

9 U at D< mixing ", ‘ „ 

Sourct 210 r temp ait tom bin-ol naphtha 

Mid-Coniment 70-120 10 f 12 6S l 

120-180 , 30 6S S 

Pennsylvania 45-60 10 6S i 

' 60-100 27 65 8 

, 100-140 25 65 10 


Two-stage Dewaxing 

It is claimed that dewaxing can best be carried out m 
two or more stages Most of the wax is removed at a 
relatively high temperature where the viscosity is much 
lower and hence filtering rates higher On further cooling, 
the small amount of residual wax is able to crystallize out 
unencumbered by the larger portion of wax and therefore 
more complete dewaxing is ultimately obtained During 
the second-stage low-temperature filtration a finer cloth is 
used The advantages of this system are 

1 Less clogging of the chilling equipment 

2 The wax removed at high temperatures has a higher 
melting-point and hence greater value 

3 Any wax passing through the first-stage filtration 
cloth IS removed in the second-stage filtration 

To carry out this procedure relatively more acetone is 
used in the high-temperature dewaxing stage since at this 
temperature there is less tendency to form two layers 
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REFINING WITH LIQUID PROPANE 

By ULRIC B BRAY, Asnstant Manager of Research, Union Oil Company of California, Wilmington, California, and 
W. H. BAHLKE, Director of Research, Standard Oil Company (Indiana), Whiting, Indiana 


During recent years liquid propane has been developed 
into a valuable refining agent in the production of high 
quality lubricating oil Although propane is a gas under 
atmospheric conditions of temperature and pressure 
(normal boihng-point, —42° F ), it is maintained in the 
liquid state under moderate pressures at ordinary tempera- 
tures In the liquid state, propane may be used effectively 
in lubncating oil refinmg over a wide range of temperatures, 
for a number of purposes The uses of liquid propane in 
lubricating oil refining are principally lor (1) deasphalting, 
(2) dewaxing, and (^) improving the efficiency of other 
refining processes 

These different uses of propane in lubricating oil rehning 
were developed almost simultaneously for the purpose of 
completely refining high grade lubricants from mixed base 
residua containing both asphalt and wax, but the applica- 
tions have since been extended to include refining of all 
types of lubncating fractions of petroleum For the sake 
of clarity it is best to discuss separately these several uses 
of propane Since asphalt separation occurs immediately 
upon mixing the stock with propane at atmosphenc or 
elevated temperatures, attention will be given first to 
deasphalting, then to dewaxing, and finally to treating 
in the presence of propane, keeping m mind that a com- 
plete procedure is to mix the stock with propane under 
pressure at atmospheric or higher temperatures to obtain 
precipitation of asphalt in a form suitable for separation 
by decantation, then to release the pressure to obtain auto- 
matic or internal refngeration and precipitate wax in a form 
readily removable by mechanical means, such as filtenng, 
centrifuguig, or settling, and finally treat the deasphalted 
and dewaxed oil for the removal of undesirable con- 
stituents while the oil is still dissolved in propane The 
order of the last two steps may be reversed 


Deasphalting 

Of the various low molecular weight hydrocarbons of 
the methane series, propane is peculiarly effective in pre- 
cipitating asphalt In comparing the action of the various 
homologues of methane on a residuum containing asphalt. 
It IS found that at ordinary temperatures hexane precipi- 
tates only a small amount of bituminous matenal with a 
relatively high melting-point, about 32S° F , pentane gives 
a somewhat larger precipitation of bituminous material, 
havmg a slightly lower melting-point, butane precipitates 
appreciably more asphalt than the higher molecular weight 
homologues, but the asphalt precipiution is only about 
50% complete as compared with the amount of hard 
asphalt obtainable by distillation The asphalt precipitated 
by propane is practically identical in yield and melting- 
point with that obtained by distillation Ethane, on the 
other hand, not only precipitates all of the asphalt, but 
also a major portion of the intermediate and heavy grade 
lubricating oils Table 1 illustrates the vanauon in yield 
and properties of the extracted oil and asphalt obtained 
widi the various hydrocarbon solvents on an asphaltic 
residuum 


Table I 

Properties and Yields of Oil and Asphalt produced from 
Poso Creek Residuum (topped to 66 sec Saybolt 
Universal Viscosity at 100° F on Overhead Stream) by 
Extraction with Low Molecular Weight Hydrocarbon 
Solvents 

(10 volumes of solvent .il 80" F ) 


Propane (boiling ptiinl 


' Yld of itd oj - 

od I Aiph I Oral liicotio 
^^y.by\{‘.h^ Art Sai Lf/in 

I rrs) ' ri J ) CiO 1 210 r 

I no 89 0 24 2 


0 , butane 50 *„ , 


) I 25 0 


7 5 


nonnal butane (boiling point 
14' to 31' 1 ) 

Buune (botling point 10 
36' r) 

Pentune (boiling point 82* 


89 2 10 8 

I 88 8 ' 1 1 2 j 



Fig 1 Effect of molecular weight of saturated hydrocarbon 
solvent on volume per cent asphalt precipitated from Poso Creek 
residuum 10 volumes solvent at 80° F 


Fig 1 shows the yield of asphalt as a funcUon of the 
molecular weight of the hydrocarbon solvent 
For the sake of consistency in descnption it is desirable 
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to classify as asphalt the non-waxy propane-insoluble 
product obtained under any given set of conditions 
Generally, the asphalt obtained at ordinaiy temperature 
has the usual black appearance of ordinary asphalt, but 
in the case of stocks containing little or no high melting- 
point bitumen, the propane-precipitated material has the 
character of a brown, resinous material This should, 
however, still be classified as asphalt, both for the sake of 
consistency and on account of the fact that this material is 
always a component of the propane-insoluble phase 
regardless of the proportion of high melting, black 
bitumen 

The ratio of propane to stock has a very marked effect 
on the efficiency of separation of 
asphalt and oil at a given tem- 
perature Additions of small 
amounts of propane to the resi- 
duum up to a certain proportion 
serve only to reduce the viscosity 
in a manner analogous to the 
addition of any light solvent 
Further addition of propane be- 
yond a critical ratio for the par- 
ticular stock in question causes 
separation into two phases, with 
the asphalt-bearing phase appear- 
ing as a heavy viscous liquid in 
comparison to the extremely light 
and fluid propane phase The 
asphalt phase recovered at this 
point shows, after removing dis- 
solved propane, a low mtlting- 
pomt due to the presence of oils, 
and the oil phase recovered may 
contain several per cent of as- 
phalt If the propane ratio is 
increased, the efficiency of the 
separation or fractionation is im- 
proved so that oil and asphalt are 
less and less contaminated with 
each other until eventually a point 
IS reached where further additions 
of propane produce no further improvement in fractiona- 
tion of oil and asphalt 

Considering a lubricating stock to be composed of 
propane-insoluble asphalt and lubricating oil which is 
soluble in propane, a three-component phase diagram foi 
equilibrium conditions in propane deasphalting may be 
constructed for any one temperature from a senes of 
experiments on a given stock with various propane rauos 
Such a diagram will permit a prediction of the results to 
be obtained with any propane ratio at that temperature 
While some variation occurs with different types of stock 
on account of variations in the nature of both the oil and 
asphalt, the diagram for a typical asphaltic stock is helpful 
in predictmg, roughly at least, the results with any stock 
of known propane-insoluble asphalt content Fig 2 shows 
the phase dia g r am obtamed with the same residuum as that 
used for the experunents shown in Table I and Fig 1 
Strictly speaking, this diagram is applicable only to stocks 
m which the oil component has the same solvent properties 
(as related to both viscosity-gravity constant and molecular 
weight), and the bitumen is also of essentially the same 
character as these respective components of the stock used 
in constructmg the diagram The solvent property of the 
oil 1 $ probably more important than the character of the 


bitumen, since the former influences to such a marked 
extent the solvent power of the propane phase, particularly 
at low-propane ratios, and as far as is known at present, 
there is not so great a variation in bitumens from different 
crudes of the low-sulphur type 
Temperature is equally as important as propane ratio 
in determining the results to be obtained m propane 
deasphalting on account of the fact that over the range of 
temperatures employed, propane is sufficiently close to its 
critical temperature to show marked variations in physical 
properties, such as density and solvent power, with changes 
in temperature As the critical temperature is approached, 
the properties of the liquid begin to resemble more nearly 


those of a compressed gas, so that the solvent power of 
propane for heavy, high molecular weight hydrocarbons 
becomes less and less, until at the cntical temperature of 
propane it is capable of carrying in solution only a few 
per cent by volume of the lower molecular weight com- 
ponents of an ordinary lubricating stock At temperatures 
below about 110“ to 120“ F , propane behaves more like 
a normal liquid, since it is found that the decrease in 
solvent power with increase in temperature is insufficient 
to counteract the usual tendency of a solvent to dissolve 
more of a solute with increase in temperature, and the 
overall effect is to obtain more complete removal of asphal- 
tic constituents at, say, — 30' F than at room temperature 
Above about 100“ to 120 F , however, the sign of the 
temperature coefficient of solubility of high molecular 
wei^t hydrocarbons in liquid propane is apparently 
reversed 

In tile high temperature region pressure has a marked 
influence on the solubility of oil in propane As the pres- 
sure IS increased at a given temperature the solubility 
increases This effect is no doubt due to the fact that the 
increased density resulting from the high pressure changes 
the solvent characteristics of the propane so that they moie 
nearly resemble those of the low temperature region 
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The situaUon, however, is not quite as simple as mdi- high paraffimcity Comparing this characteristic behaviour 

cated above, bemuse the rejection of heavy hydrocarbons of ordinary selective solvents with the action of propane, 

by propane at any given temperature is apparently based it is apparent that at a fixed temperature propane shows 

on both molecular weight and chemical composition For a similar greater solvent power for the low molecular 

any given hydrocarbon series (designated hypothetically weight members than for the high molecular weight mem- 

at least as consisting of compounds having the same bers of any series There are two striking dissimilarities 

viscosity-gravity constant), there is apparently a point of between the behaviour of propane and an ordinary selective 

cutting or 1 ejection in the molecular weight scale (ana- solvent which arc very significant First, the temperature 

logous to a cut point in distillation) which is fixed by the coefficient of solvent power lor propane is reversed over 

temperature of extraction, but the exact position of the the range 110 to 200° F, with propane exhibiting less 

point of cutting on the molecular weight scale at a given solvent power as the temperature is increased, whereas 

temperature will be dependent upon the constitution, and with phenol for example, the solvent power increases with 

hence viscosity-gravity constant, of the senes The greater temperature Second, at a fixed temperature propane has 

the paraffimcity (or lower the viscosity-gravity constant), less solvent power for the less paraffinic components 

the higher will be the molecular weight at the cutting-pomt whereas the reverse is true for a solvent like phenol These 

for that series, and conversely the lower the degree of peculiar characteristics of propane make it a valuable 

paraffimcity (or higher the viscosity-gravity constant), the adjunct in selective solvent refining as will be discussed 

lower will be the molecular weight corresponding to the in a later section 

point of rejection Recognizing an indicated point of The effects of both propane ratio and temperature are 
cutting at some molecular weight value for each senes of shown in Figs 3 and 4 for a reduced California mixed 

hydrocarbons present, it should be kept in mind that the base residuum and a vacuum overhead cylinder stock 

efficiency of the fractionation, or the amount of overlap obtained from the same crude 

obtained, is dependent up to a certain point on the propane In Table 11 are given similar data for a Mid-Continent 
ratio residuum The unusual behaviour with propane is again 

With this behaviour of propane in mind it is instructive evident, note, for example, that at the lower temperatures 

to compare the action of propane with that of an ordinary the yield of deasphalted oil decreases with increasing pro- 

selective solvent, such as aniline, phenol, or chlorex In pane ratio while at higher temperatures the opposite holds 

performing extractions with selective solvents of the latter true This behaviour is represented graphically in Figs S 

type, the object is to dissolve into the solvent layer the and 6 which give solubility diagrams for the isotherms 

less paraffinic constituents having a high viscosity-gravity at 136' F and 165° F The method of representation 

constant, and leave the more paraffinic matenals undis- used is sunilar to the usual method of representation for 

solved as the raffinate On account of the fact that for three-component systems, except that properties of the 

any given series the higher the molecular weight, the higher propane-free material in the coexisting phases are used 

the temperature required to obtain solution in the solvent, as dimensions of the base line rather than the usual per- 

it follows that in simple solvent extraction with one of the centage composition 

usual selective solvents, efficiency of removal of the less Rcferrmg to Fig 5, as propane is added to the 298 
paraffinic constituents at a given temperature is greatest in viscosity residuum no separation occurs until the propane 

the lower molecular weight portions of the stock with the concentration is 66"u, or a propane ratio of 1 94 The first 

result that it is difficult to obtain complete removal of the tie line is shown at 71% propane, the two phases which 

undesirable constituents from the highest boiling fractions separate at this pomt are represented at C and D It will 

without undue loss of the low viscosity components of be noted that the quantity of the heavier phase of composi- 

Table 11 


Propane Deasphalting of Mid-Continent Residuum Viscosity 298 sec {SU)at 210° F 






2 « e B 10 IZ 14 le 0 a 4 « B 10 IZ 

VOLUME RATIO PROPANE / STOCK VOLUME RATIO PROPANE / STOCK 

Fig 4 Propane extraction of&A E 70 vacuum overhead dntlllate Mock (Vom Saati Ft Sprain crude. 
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tion D (represented by the relative 
length of the line BC to that of CD) 
IS very small The characteristics 
of the propane-free material in 
either phase are obtained by draw- 
ing a line through the P and Ue-line 
extremity for that phase, the point 
of intersection of this line with the 
base gives the characteristics sought 
The relative amounts of propane- 
free material in the two phases are 
obtained by measurement of the 
relative distances of these inter- 
sections along the base line, from 
the point A 

It will be noted that after separa- 
tion begins the relative amount of 
the lighter, oil-bearing phase in- 
creases as the percentage of propane 
IS increased Note also that the 
melting-point of the asphalt also 
increases and that the percentage 
of asphalt increases with increasing 
propane ratio 

On the other hand, at 165“ F , as 
shown in Fig 6, while the amount 
of the lighter phase increases with 
increasing propane ratio, the relative 
amount of propane-free material in 
the lighter phase also increases 
The difference between the two 



isotherms lies in the fact that at 136 h the plait point 
IS on the light of the composition line (AP) while at 
165 F It lies to the left of the composition line Such 
systems are indeed rare and the present example represents 


an interesting contribution to the physical chemistry of 
solubility 

The foregoing data and figures lor propane deasphalting 
correspond to batch extraction ora single-stage contmuous 
extraction In commercial practice. 



however, it is desirable to perform 
the extraction in two or more stages 
with countercurrent flow of asphalt 
and propane in order to reduce the 
propane required to give the desired 
degree of separation 
An interesting development in 
continuous deasphalting is the use 
of temperature to fractionate the 
stock into a lower viscosity oil 
and two or more heavy, asphaltic 
fractions For mstance, instead of 
deasphalting directly at 150“ F , a 
primary deasphalting operation is 
carried out at 1 10“ F with counter- 
current washing of the asphalt to 
take into solution as much of the 
oily frachons as possible The 
propane phase is then heated to 
150“F with the separation of a 
heavy, tarry, or resmous phase 
which IS also washed with propane 
The secondary propane pieapi- 
tated phase rejected at the higher 
temperature is predominantlynaph- 
thenic, and appears to be on the 
border line between asphalt and oil 
Fig 7 illustrates diagrammabcally 
the flow of materials m such a 


Fig 6 Isotherm at 165° F Mid-Conunent residuum 


deasphalting operation 
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Fig 7 


The raormous reducbon m viscos* 
ity produced by the addition of 
relatively small proportions of 
propane is veiy stnkmg Similar 
solutions of higher-boiling sol- 
vents do not approach these 
values — as indicated in the figure 
This low viscosity, other thmgs 
being equal, makes for high filter 
rates even at low temperatures, 
or permits the more economical 
use of low solvent ratios for the 
same filter rate 

It is interesting to point out 
that from the standpoint of de- 
waxed oil production there is a 
certam diluUon beyond which the 
effect of decreased viscosity does 
not compensate for the increased 
volume to be filtered Fig 9 
shows the relative rates of viscous 
oil filtration for various dilutions, 
on the supposition (which is, of 


Dewaxing 


course, never exactly realized) that the wax is exactly the 


The propane dewaxing process consists essentially m amount and character regardless of the dilution 


mixmg the oil to be dewaxed, at atmospheric or slightly 
higher temperatures, with liquid propane under pressure, 
chilhng the mixture by permitting part of the solvent to 
evaporate (with or without the addition of more solvent 
durmg the chilling), and filtering the chilled mix, with 
subsequent removal of the solvent and lU recovery for 
re-use by evaporation and/or compression followed by 
condensation Part or all of the self-evaporation may be 
replaced by heat exchange with some cold liquid The 
separation of the wax can also be made by settling, but 
this procedure is so far not of commercial importance 
because of the ease of removal by filtration 

Other low molecular weight hydrocarbons might be 
used, but of these ethane and ethylene have inconveniently 
low critical temperatures (90” F and 50” F respectively) 
and the solubility of oils in the liquids is limited The 
buUnes and butylenes require, in general, rather low 
pressures if low temperatures are to be attained by their 
use as mtemal refrigerants, moreover, they are generally 
valuable as constituents of gasoluie or as liquid fuel gas 
Propane (which mcludes propylene if the gases come from 
cracking operations) exhibits the most desirable combina- 
tion of quahties and is the solvent m all existing and pro- 
jected plants, butane might prove to be the best soluUon 
for parucular cases A high degree of purity in the propane 
IS not required for dewaxing, a few per cent of ethane 
and/or (say) 10% by weight of butanes will generally not 
appreciably affect the operation of a plant designed for 
pure propane Little is known of the relative advantages 
of pure propane and propane contaming propylene but it 
appears that there is httle difference in their suitability for 
dewaxmg operations 

Propane has two distinct functions in the dewaxing pro- 
cess here considered— it is at one and the same time the 
solvent which reduces the viscosity, and the medium em- 
ployed m the refrigerating cycle Considered as the solvent 
m the dewaxmg operation propane is characterized by an 
outstandmgly low viscosity and an unexpectedly low 
solvent power for wax 

Fig. 8 shows the viscosity of solutions of varying con- 



centrations of a few typical oils in pure propane at —40”. 
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and that the rate of filtration is inversely proportional to 
the viscosity of the mother hquor In the ordinary range 
of dilutions (from 33 to 75 vol per cent propane) increased 
dilution IS accompanied by increased viscous oil produc- 
tion for a given filtenng time An economic balance will 
generally result in the choice of a ratio giving less than the 
maximum rate 

Previous data had indicated that the solubility of wax 
in petroleum cuts, on a weight or volume basis, increased 





as the molecular weight of the cut decreased This was 
in accordance with theory, smee it can be shown that the 
solubihty of a wax in a solvent for which the solution obeys 
Raoult’s law (which can usually be assumed to hold for 
petroleum fractions) would be the same for equal molal 
quantities of the vanous solvents This rule breaks down, 
however, for the very light solvents, as is shown by Fig 10, 
which gives the solubility of a 122°F meltmg-point wax 
m solvents of varymg molecular weight It will be seen 
that the solubihty in propane is much less than might have 
been expected 

Considered from a refrigeration point of view, the pro- 
cess is of the compression type employmg propane as the 
refrigerating medium, since the propane which is evapor- 
ated during the dulling is recompressed Propane in itself 
IS essentially as effiaenta refrigeratmg medium as ammonia 
Fig. 11 shows the theoretical adiabatic horse-power for 
1 ton of refrigeration, using ammoma or propane, with 
90* F. condenser tonperature and vanous temperatures of 
the refrigerating medium There is a slight advantage for 

m X 


ammonia when the same suction temperatures are com- 
pared However, (1) ammonia must do its coohng in- 
directly, and therefore its temperature must be lower than 
that of the solution to be chilli, whereas the propane used 
as refrigerant is always at the same temperature as the 
soluUon to be chilled, (2) if the minimum temperature 
difference between ammonia and solution is to be main- 
tained, a very complicated step system of evaporating and 
recompressing the ammonia is required, whereas m the 
case of propane this is taken care of automaUcally, (3) in 
the case of propane no expensive heat exchange surface is 
required 


SOLUBILITY OF I5?"mP WAX IN VARIOUS SOLVENTS 



Fig 10 

Since propane is undesirable as a constituent of gaso- 
line, and has as a rule no other than a fuel value, it is often 
the cheapest liquid available in a refinery except water It 
IS available in almost every modem refinery, and the 
supply IS not dependent on conditions outside the petroleum 
mdustry 

Propane is relauvely non-toxic Because of its volatility 
propane can be readily removed from the solution without 
heating the oil to injuriously high temperatures The wax 
slurry produced m the process can be readily pumped 
The fact that other processes of lubricating oil reiimng 
utilize propane often makes possible attractive combma- 
tions of these processes with dewaxmg m propane The 
necessity for handling a volatile inflammable hquid under 
pressuresof theorderof2(X) lb persq m is, of course, no 
more than is done as a routine matter m other processes of 
the petroleum industry At the low temperatures mvolved 
ordinary steel becomes relatively brittle, so that safest 
practice requues the use of some special material of con- 
striKdion for such parts as are to be chilled ExisUng plants 
are of 2^% nickel steel, but cheaper steels are now available, 
and are being used m a plant now under construction Of 
course, other chiUmg processes usmg temperatures below 
0* F also require special materials for maximum safety 
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Fig II 


Fig 12 gives a simplified flow diagram of a large recently 
constructed plant using continuous filters, and embodymg 
also a two-stage deasphalting unit The plant is designed 
to handle about 135,000 U S gallons of mid-Continent 
long residuum per day Residuum is mixed first with the 
mam portion of clean propane and with the small fraction 
of propane which has been used in the second stage The 
mixture enters the horizontal settler A whence the clean 
oil-propane layer is drawn off to be dewaxed, while the 
asphalt is mixed with a small portion of clean propane 
from F and resettled in the second settler £, whence the 
washed asphalt is drawn off to the heater C and flash 
drum Z>, the propane vapours going to the condenser E 
and thence back to storage 

The deasphalted oil enters the chillers G in rotation 
When enough mix has entered a given chiller, the stream 
IS diverted to another, and chillmg is conducted by ventmg 
the chiller to the suction of the compressor N To maintain 
the concentration of the mix, pro- 
pane which has been chilled by 
heat exchange with the filtrate in 
exchanger / is added durmg the 
chillmg 

When a batch m one of the 
chillers has reached about —45° F 
it IS ready to pump to the filters H, 
of which there are actually six 
These filters are of the drum type 
especially designed for this work 
They are enclosed m a tight shell 
which also serves as a filter bowl 
The operations of filtering, washmg, 
and lemovmg the cake from the 
drum with blow-back and a scraper 
are conducted exactly as m ordinary 
filters of this type The differential 
pressure requir^ for filtration, how- 
ever, is produced by mtroducmg 
propane gas mto the shell, and not 
as m the usual type by applying 
a vacuum to the receiver The cake 


is removed by a screw convo^or 
and pumped through heater K to 
flash drum L, the propane return- 
ing to storage through E and the 
wax being drawn off (with further 
stripping if necessaiy) 

The dewaxed oil is solvent ex- 
tracted in the presence of propane 
Other existing propane dewaxing 
plants differ from the one just de- 
scribed mainly m the filters These 
are operated batchwise, and con- 
sist of pressure vessels contammg 
a number of vertical filter leaves 
The mix is pumped in to fill the 
shell, and filtrate then passes 
through the canvas into the space 
between the leaves and thence to 
a receiver After about 40 mmutes 
a sufficient cake is built up, the mix 
IS drained from the shell, and the 
cake IS discharged by blowing back 
and IS pumped to the wax still 
The rate of filtration and char- 
acter of the cake produced in these 
plants IS affected by numerous factors As has already 
been indicated, more dilute solutions at the time of 
hltration lead to a greater throughput, based on dewaxed 
oil produced Economical operation, however, requires 
that the propane concentration be kept as low as possible 
From the standpoint of operating costs the optimum ratio 
of propane to oil m the cold mix appears to lie, in the case 
of motor-oil distillates, in the vicinity of 2 to 1, by volume 
(measured at 60° F) For lighter oils such as paraffin 
distillate the most economical ratio of propane to oil will 
be lower— between 0 5 and 1 0 to 1 However, if yields 
of dewaxed oil are of predominating importance higher 
propane ratios may be justified 
Small-scale experiments mdicate that slightly better 
results can be obtained when the whole of the propane 
required for the chilhng is added to the warm mix so that 
the imtial warm mix is considerably more dilute than the 
mix as filtered However, important heat economies can 
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be effected by adding the chilling propane during the 
chilling operation, and precoohng the propane added 
dunng chilkng by heat exchange with the cold filtrate This 
econonuc consideration is much more important than the 
minor change m rate, because of dilution during mixing 
and IS, therefore, the preferred method of operation 

With some stocks (for example, deasphalted residuum) it 
appears to be important to start with an oil-propane solu- 
tion m which there are no wax crystals If this is not done, 
very erratic results are obtained, possibly because the 
crystals formed in the oil before dilution with propane are 
not of a type suitable for filtration In the case of distillates 
this condition docs not seem to be so important The 
temperature to which the mix must be heated vanes greatly 
with the stock to be dewaxed— at least from 70“ F for 
paraffin distillate to 130° F for certain stocks containing 
unusually high-meltmg wax 

So long as the operation is conducted batchwisc by self- 
evaporation, the rate of chilhng appears to have little 
effect on the filterabihty of the mix Commercial plants 
employ chilhng rates of about three degrees per minute 
Chilhng at twelve degrees per minute has been tried experi- 
mentally and found to produce results which are as satis- 
factory as much lower rates 

The temperature of filtration will generally be determined 
by the pour-pomt desired on the dewaxed oil Generally 
speaking, with the lighter motor oils a differential of 25 to 
30° F may be expected between filtration temperature and 
pour-point of oil produced The heavier oils may show 
a larger differential, because the viscosity of the oil at the 
low temperatures affects the pour-point, even an entirely 
wax-free oil will become solid by the standard test when 
a sufficiently low temperature has been reached Hence it 
IS not uncommon to observe a fall in pour-point when 
propane dewaxed oils arc subsequently solvent extracted 

With paraffin distillate, a smaller differential, amountmg 
to a difference of only 15 to 25“ F between temperature 
of filtration and pour-point, can be obtained, because the 
percentage of diluent can be smaller 

The cost of dewaxing, of course, increases as the tempera- 
ture of filtration goes down, so that it is desirable to employ 
as high a temperature as possible There is no hmitation 
on the batch or contuiuous filtration process that would 
prevent filtering at 0° F or higher 

On the batch leaf-type filters, the pressure differential 
at the start of the filtration is about 10-15 lb , this is in- 
creased gradually to about 50 lb as the cake builds up 
If the full 50 lb pressure were put on at the start, the 
hltrate would be cloudy 

On the continuous drum-type filter much lower differ- 
entials are employed — 2 to 6 lb being typical There are 
several reasons for this The full pressure is applied from 
the start of the filtration, hence low pressures should be 
used Also experience on pilot-plant apparatus indicates 
that an mcrease in pressure is not accompanied by a 
corresponding mcrease m throughput— apparently the 
throughput is proportional to somethmg like the fourth root 
of the pressure Further, a high-pressure differential would 
result m the condensation of a large amount of propane mto 
the duffed mix bemg filtered, which would cause an objec- 
tionable warmmg of the mix In spite of the low pressure, 
the cycle tunes with the continuous drum-type filter are 
so short that the capaaty per square foot of filtermg surface 
IS considerably greater than that of leaf-type batch filters 

The general bdiaviour of the various classes of stocks 
on propane dewaxing may be described as follows 


Deasphalted or moderately acid-treated residual stocks 
are characterized by high filter rates and compact cakes 
of high wax content — typically about 30 to 40% oil without 
washing Filter rates on a small contmuous drum-type 
filter, operating at 25 °o submergence and 3 lb per sq in 
differential on a solution of two volumes of propane to 
one of oil at —45° F , are from 2 to 6 U S gal of viscous 
oil per sq ft per hour With this type of stock, however, 
mixmg and chilhng conditions must be controlled more 
closely than for distillates in order to produce uniform 
rates of filtering When this is done, the cake produced at 
the rates noted above is sufficiently thick to discharge 
readily without plugging of the filter cloth In the batch- 
type filter under the same conditions, and using a 40-min 
filtering period with 50 lb pressure differential at the end 
of the period, the rates are from 2 to 5 gal of viscous oil 
persq ft per hour 

Heavy motor-oil distillates (such as arc intended for 
S A E SO or 60 oils) show slightly lower filter rates than 
residual stocks (at the same propane concentration) and 
give cakes having (say) 50 % wax without washing On Mid- 
Continent stocks this means a yield of from 80 to 85% of 
dewaxed oil — somewhat higher yields can be obtained by 
washing However, the cakes arc easy to discharge from 
the continuous filter drum 

Light motor-oil distillates intended for S A E 10 or 
20 oil give still lower filter rates and they yield cakes con- 
taining typically 65 to 75% of oil before washing How- 
ever, the rates and wax contents can be greatly increased 
by the addition of very small amounts of modifying agents 
such as those which produce a depression of the pour- 
point in light lubricating oils A great variety of such 
agents are effective— not only Paraflow and similar syn- 
thetic products, but also various crude or cracked tar 
rcsiduums or products remaining when such residuums are 
extracted with light solvents Besides, the addiUon of a 
few per cent of an S A E 50 or heavier distillate to an 
S A E 20 distillate will aid the filtration and the addition 
of waxes from residual stocks is even more effective As 
might be expected from these results, the degree of 
fractionation employed m the preparation of the distillate 
will affect Its filterabihty — better fractionation leadmg to 
more difficult filtration 

Results with S A E 30 and 40 distillates are mtermediate 
between those obtained with the hght and the heavy motor 
oils 

With propane as a diluent, without the presence of a wax- 
ciystalhzation modifier, the filter rate on paraffin distillate 
is materially better than is obtained m conventional cold- 
pressing operations, but is less than for the heavier motor- 
oil stocks However, the response to the modifymg agents 
referred to above is very marked With 0 1 % of a syn- 
thetic pour-point depressor, the oil content of the slwk 
wax can be reduced to 20 to 45% by volume, depending 
on the propane rabo, and the filter rate made to approxi- 
mate that obtained with heavier motor oils Experiments 
indicate that the inhibitor is recovered m the drips from 
the sweating of the slack wax, and can be recycled by 
returmng the dnps duectly to the stock tank or dis- 
tilhng the drips to concentrate the inhibitor m a small 
amount of bottoms, and then adimxmg these bottoms with 
the stock before dewaxing 

On the contmuous filter, paraffin distillate forms a very 
desirable type of cake which is hard and easily discharged 
This stock also seems to be relatively msensitive to chilhng 
conditions 
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Treatment in the Presence of Propane 

The uses of propane as an aid in treating embrace acid 
treating, clay percolation, and selective solvent treating 
of the stock in propane solution 

Add Treatment. 

Acid treatment m propane solution gives a marked 
improvement over the results obtained by treating the 
stock with acid or while the stock is dissolved m a heavier 
solvent, such as naphtha One of the advantages is that 
any stock, regardless of source or previous history, can 
apparently be acid treated successfully if the stock is dis- 


colours without the use of clay Improvements m other 
properties, such as gravity, viscosity index, oxidation 
resistance, and a decrease in viscosity, are also obtained 
In nearly all cases the sludge separates so completely 
from the propane solution that the latter contains no 
inorganic acidity, as shown by the propane solution being 
neutral to methyl orange However, if the stock is one 
which requires caustic treatment to remove organic acidity, 
emulsification difficulties are pracUcally absent when the 
neutralization is performed in the presence of propane 
Table HI shows typical data for the acid treatment of a 
deasphalted California long residuum, a Mid-Continent 
cylinder stock, and a Pennsylvania cylinder stock 


Table III 


Add Treatment oj Residual Stocks, Hith and mthout Propane Present 


Crude Sample 

Kettleman Hills i Deasphalted 
long residuum I dewaxed 
Neutral oil 


Pennsylvania Deasphalted 

S R dewaxed 


Mid-Continent i Raw stock 
residuum i 


, Acid treated 
Vat I 

% of Strength lb 
pro- I of per 
pane I aetd , bh! 


yid flash and Pour- 
\ol fire pt 

•„ ‘F °F 


Cra\ 

Car I <■ API 

NPA ' 60 ° r 


none 98 I 15 

300 i 98 ' 15 


100 450/525 0 

72 I 450/525 0 

82 0 450/525 5 


2 35 green , 18 3 
2 17 opaque 19 8 
128 It '20 8 


2 350 I 107 0 878 

2,130 102 0 866 

1,665 92 5 0 861 


44 

42 

47 


' 100 610/675 0 ll7ol green | 25 4 2 380 153 I 

Sludge Tailed to separate 

103 IIS ,91 2 610/675 1 0 I 1 09 7 26 8 2,025 ' 144 > 

' ' • IS0° F ' 

' 100 530/605 I 70 , 79 , 12,000 118 1, 4,400 ' 352 

93 63 57 1 530/605 1 80 3 2 800 , 21 9 1 320 176 , 

93 18 5 , 72 525,600 I 80 I 24 1 500 ; 22 4 1 160 162 ' 


I 0816 I 101 

> 0 807 > 106 


0 861 I S3 
0 840 I 78 
0 838 ' 80 


* True colour (Roocits, Orimm, and Iammon, Ind Eng Chem 18, 164 (1926)) 
t Will not separate by gravity, separated in centrifuge 


solved in three or more volumes of propane Sludge 
separation is quick and positive, and, in fact, the agglo- 
meration and settling of the acid sludge is often so rapid 
as to necessitate caution to make certain that efficient 
contact between acid and oil is obtamed Because of the 
inherent tendency of propane to reject the coloured, asphal- 
tic, low-gravity components, better leducUons m colour, 
carbon residue, and viscosity-gravity constant for the same 
amount of acid are obtain^ when the treatment is con- 
ducted m the presence of propane On account of freedom 
from emulsification and occlusion of good oil m sludge or 
alkah washes, as well as the selective action of propane, the 
yields of treated oil are higher than for direct treatment to 
the same gravity 

There is a marked similanty between acid treating m 
propane solution and solvent treating m propane soluticm 
In fact, it appears that when the acid is employed m the 
presence of propane, the action of the acid is more like 
that of a solvent than when the acid is applied to the stock 
directly While acid treatmg in the presence of propane 
was first developed with mixed base residua which had 
been propane deasphalted, this method of treating has 
been found to be very effective on Pennsylvania oils and 
on solvent raffinates, both of which are known to be 
extremely difficult to acid treat on account of failure of the 
sludge to gather and settle In fact, acid treating m the 
presence of propane has been found to be one of the most 
effective m^ods of unprovmg the carbon residue of 
Pennsylvania residual oJs, while producing specification 


Clay Treatment. 

Qay treatment by percolation is more efficient when the 
stock IS dissolved m propane than when dissolved in 
naphtha The yield of oil of specification colour per ton 
of clay IS noticeably greater and percolabon rates are very 
high when propane is used After acid treatment m the 
presence of propane, the propane solution decanted from 
the sludge is convemently percolated through fuller's earth 
at 80° to 130° F to safeguard agamst possibility of acid 
entrauiment, to obtain further reduction m colour, and to 
correct acidity Under these conditions the yield of treated 
oil per ton of clay is very large 

Solvent Extraction in the Presence of Propane. 

One of the properties of propane is its complementary 
action m treating a stock with ordmary selective solvents 
Through the use of propane, solvent extraction of residual 
stocks to give oils of lower carbon residue is greatly 
facilitated, although the advantages of solvent treatmg m 
combmation with propane are not limited to residual oils 

It will be recalled that, m the above discussion of the 
role of propane m asphalt separation, it was pomted out 
that both propane and selecbve solvents have a greater 
solvent power for the loiver than the higher molecular 
weight members of any given hydrocarbon senes, but that 
while the reagents commonly called selective solvents have 
a greater solvent poiver for the aromatics and naphthenes 
than for the paraffins of a given molecular wei^t, propane 
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has greater solvent power for the paraffins Thus both 
propane and selective solvents compete for the low mole- 
cule weight members, but on account of the difference 
in preference as regards type or structure, the propane 
phase retains most ot the low molecular weight compounds 
of a paraffimc nature, while the selective solvent acquires 
only the low-gravity components in the low molecular 
weight range Without propane bemg present, an appreci- 
able proportion of low molecular weight compounds of 
a paraffimc nature would be lost to the solvent phase 
Considering next the behaviour of the propane selecUve 
solvent combmation in comparison to the action of a 
selective solvent alone in the high molecular weight range 
of the stock, it is apparent that neither propane nor the 


gravity constant is exceptionally good, the viscosity is 
lower than when the selective solvent is used alone, and 
the carbon residue is very materially improved over that 
obtained by simple solvent extraction to the same viscosity- 
gravity constant The data in Table IV show the course of 
the results obtamed m multiple-batch extractions on the 
same stock, with and without the presence of propane It 
wiU be noted that the extracts obtained m the presence of 
propane are lower in A P 1 gravity and more viscous than 
those obtamed without propane being present If one 
wishes to do so, an instructive set of graphs is obtained 
by plotting the properties of the various extracts and 
raffinates against the volume per cent stock or raffinate 
remaining after each batch extraction 


Table IV 

Multiple Batch Extractions of Propane Deasphalted and Denaxed Kettleman Hills Long Residuum, using Nitrobenzene, 
Hith and without Propane being Present during the Extractions 


Sample 

Stock 

Extract no 1 
.. no 2 
.. no 3 

Railindte A after 3rd extraition 

Extract no 4 
.. no 5 

Raffinate B after Sth extraction 

Extract no I 
.. no 2 
.. no 3 

Raffinate A after 3rd extraction 

Extract no 4 
.. no 3 
„ no 6 

Raffinate B after 6th extraction 


2J0" F 1 index 

{too I 18 6 I 2 08 I opaque i 2,030 I 97 
Extracuon without propane being present 


■ 69 1 25 3 1 19' 

104 . 28 4 1 021 ' 
Extraction with 300 volu 
23 91 88 1628 1 

ISO' 12 2 3 69 


B per cent • propane present 


791 
71 ! 


, 21 5 ; 092 
72i 23 9 0 45 

29 3 on 


nearly 
I opaque 
I opaque 


Vise- 
gravily 
constant 
0 876 


0 906 
0 895 
0 861 
0815 

0 840 
0 831 
0 806 


I 0 942 
I 0 920 
I 0904 
0 828 


0 871 
0 858 
0 842 
0 806 


* Volume percentage based on volume of dewaxed stock at beginning of experiment 


selective solvent has a high-solvent power for the highest 
molecular weight fractions However, the relative in- 
compatibility of propane and the high molecular weight 
aromatics and naphthenes operates to make it possible 
for the highest boiling low-grade components to be 
efficiently extracted from the stock by the selective solvent 
when apphed m the presence of propane The removal of 
the highest molecular weight naphthenic compounds is 
difficult to accomplish on a wide boilmg-range oil without 
excessive loss of light components with a selective solvent 
operatmg alone So great, in fact, is the rejecting effect of 
propane on the highest molecular weight components of 
residual stocks that even a large portion of the highest 
boihng paraffimc components may be removed mto the 
selective solvent phase when certain very active selective 
solvents, such as mtrobenzene, chloroanilines, phenol, and 
the cresols are used m conjunction with propane 
It IS apparent from the foregoing that on account of 
the solvent properties of propane, the lower boilmg 
paraffimc components of the lubncatmg stock are con- 
served more effiaently, and the highest boiling components, 
regardless of paraffimcity, are ehmmated from the raffinate 
The result is that the yield of raffinate of a specified viscosity- 


To illustrate the effect of propane on miscibihty tem- 
peratures, data from a phase study of oil-solvent-propane 
systems are shown m Table V On the general principle 
that solvent selectivity is better the farther the treatmg 
temperature is from the miscibility temperature, the data 
for phenol-propane shown in Table HI indicate the 
desirability of usmg 400 or more volume per cent propane 
It IS obvious that the propane to oil ratio is higher at the 
raffinate end of the treating system than at the feed or 
extract end 

In performing selective solvent extraction m the presence 
of propane, many combmations of solvents and methods 
of operation are possible For mstance, the stock may be 
treated with propane to effect deasphalting as a separate 
step, and the deasphalted oil treated with the selective 
solvents m a counter-current treater while still dissolved 
m propane, or the stock, with or without premixmg with 
propane, may be injected at an intermediate pomt mto the 
solvent-treating system while part or all of the propane 
is mjected at one end, and the selective solvent at the other 
end The former method produces asphalt as one product 
and the aromatic-naphthemc factions of the oil as another 
product, while the latter method combines both asphalt 
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Table V 

Miscibility Temperatures of Oil-Phenol~Propane 
Systems Propane deasphalted Kettleman Hills long residuum, and 
propane-phenol raffinate therefrom 

Miscibility 

,, , i Temperatures " F 

Volume ratios 

Oil-Phenol-Propane Neyt v/oc/£*| Raffinate^ 
l-l 0 1570 I 23tO 

1-1-1 104 0 I 179 5 

1 1-2 117 5 ' 158 5 

1-1-3 138 5 ' 16175 

1-1-4 164 4 ' ;>1810 

1-1-5 M82 0 -185 0 

1-2-0 175 5 I 238 0 

1-2-1 125 75 ; 185 0 

1-2-2 120 25 I --185 0 

1-2-3 1410 ' ''185 0 

1-2-4 174 0 >185 0 

1-2-5 >182 0 , >185 0 

1-3-0 185 5 ! 241 0 

1-3-1 137 0 I 185 0 

1-3-2 132 75 I 185 0 

1-3-3 158 5 '>185 0 

1-3-4 185 0 ' 185 0 

• Propane deasphalted, but undewaxed Kettleman Hills long 
residuum Gravity, °AP1 at 60" P 19 5, PUsh, COC, °F. 440. 
Viscosity, Say Univ sec at 210" F, 103 vgc 0 870 
t Propane-phenol raffinate produced from (a) Gravity. "API 
at 60" F. 29 4, Viscosity, Say Univ sec at 210" F, 68, vgc, 
0 803, Carbon residue, 0 IS 


asphalt as a separate product The yields and the charac- 
teristics of the high-qudhty oil can be made essentially 
the same for either of the methods of operation, mdicat- 
mg that the results are the inherent consequences of the 
principles discussed above and not due primarily to a 
particular variation in the flow of the streams in the treat- 
ing system 

Fig 13 represents diagrammatically the operation of 
a lubricating oil plant employing propane for deasphalting, 
dewaxing, and solvent treating Either deasphalting or 
dewaxing, or both, can be omitted before sending the stock 
to the propane solvent-treating system Also, the use of 
propane for washing the extract phase may be omitted 
if tins additional expense caimot be justified on the basis 
of economics However, the entire operations shown m 
Fig 13 permit the refiner to produce oils of excellent 
qualities and represent efficient utilization of propane in 
each of the major refining steps 

Commercial Plants 

In June 1936 there were in operation in the United States 
seven plants using liquid propane as a refining agent These 
plants, in all, embody countercurrent deasphalting, de- 
waxing, and treating in the presence of propane Of the 
most recently constructed plants, one employs counter- 
current deasphalting and dewaxing by means of continuous 
filtration, followed by solvent treating m the presence of 
propane Another plant embodies deasphalting and acid 
treating in the presence of propane The first commercial 



Fig 13 Deasphalung-dcwaxing-solvent treating in propane solution 


and aromatic-naphthenic oils into one extract product 
whidi IS dissolved m the selective solvent This latter 
variation of the propane-solvent method of treating when 
all of the propane is mtroduced at one end of the system, 
1 $ commonly known as the Duo-Sol method of treatment, 
but on account of limitaUons is not as flexible in scope as 
the more general design which is also capable of producing 


plant was constructed in 1931-2 at the Wood River Refinery 
of the Standard Oil Company (Indiana) The remammg 
plants are located in the Irenes of the Union Oil Com- 
pany of California, Standard Oil Company (Indiana), 
Socony-Vacuum Company, Gulf Company, and the Shdl 
Petroleum Corporation Another plant is under construc- 
tion for the Kendall Refining Company. 
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PRINCIPLES OF DEWAXING 
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During the last five years the principles of solvent extrac- 
tion have been investigated extensively [3, 1934, 4, 1934, 
6, 1936, 7, 1936] These investigations have led, among 
other things, to a graphical method of representing equi- 
librium data for complex oil-solvent systems [5, 1935, 7, 
1936] Computation methods based on such equilibrium 


Equilibrium in a Simple Three-component 
Solid-liquid System 

A system consisting of three components A, B, and C 
may be regarded as a combination of the three binary sys- 
tems AB, BC, and CA Fig 1 represents the equilibrium 
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diagrams have also been presented and are now in use by 
many workers [14, 1936] These principles and methods 
are by no means confined to solvent-extraction problems 
and processes, however, and may be applied with success 
to other physical refining processes 
The equilibria mvolved in dewaxmg operations are 
eqmhbria between a sohd phase or sohd phases, paraffin 
wax, and a complex liquid mixture of hydrocarbons, oil, 
together with a second hqmd, solvent or diluent Before 
considenng eqmhbria m such a system, the simplest system 
involvmg a single solid component and two hqmd com- 
ponmts will be descnbed 


data for the separation of solid from the binaiy system 
AB, where temperature is plotted agamst composition. 
Ti and Tg are the meltuig-pomts of the two pure com- 
ponents A and B It will be seen from this diagram 
that the addibon of a small amount of one compo- 
nent to the pure melt of the other component lowers the 
temperature of eqmhbnum between sohd and hqmd 
Curve TjtE represents hqmd mixtures of A and B, of 
steadily uicreasmg concentration m B, which are m eqm- 
hbnum with sohd A Similarly, curve T, E represents hqmd 
mixtures of steadily increasing concentration m A whidi 
are in eqmhbnum with solid B Any mixture of compo- 


PRINCIPLES < 

nents corresponding to a point such as P wUl resolve itself 
mto pure solid B (point R) and a liquid mixture of A and 
B represented by pomt QoaTaE The horizontal straight 
hne QPR is a tie-lme indicating equilibrium between pure 
solid B and the liquid mixture of A and B of composiUon Q 
At point E identity of composition is reached m the two 


f DEWAXING 1981 

bnum of the ternary system at any given temperature 
represented within the triangle ABC, 

By foldmg along AB, BC, and CA in Fig 3 a sohd pris- 
matic figure would be obtamed with ABC remaining in the 
horizontal plane and the temperature axes situated verti- 
cally above A, B, and C The equihbnum at any tempera- 



liquid mixtures so that at this point, called the eutectic- 
point, sohd A and sohd B must exist in equihbnum with a 
single solution of composition E The horizontal hne 
DEE is the lower boundary of the hquid-sohd areas Ta DE 
and Tm FE, and below it only sohd can exist 

Another type of equihbnum between A and B is shown 
in Fig 2 In this case the addiuon of B to the melt of pure 
A raises the temperature of equihbnum between sohd and 
liquid 

Further, a liquid mixture of A and B is in equihbnum 
with a sin^e sohd phase which is a sohd solution of A and 
B The composition represented by a pomtPnow separates 
into liquid of composition Q and a single sohd phase of 
composiUon R The curves TifiTi and TaRTb are the 
freezing-pomt and melUng-point curves respectively for the 
system AB 

Each of the three binary mixtures AB, BC, and CA 
making up the ternary system ABC may be one or other 
of the two equihbnum types descnbed above The three 
binary equihbnum systems may then be attached to the 
sides of an equilateral triangle as m Fig 3 and the equih- 


ture for the ternary system would then be represented by 
a surface withm the prism 

In Fig 4 equilibrium in the ternary system ABC is repre- 
sented in the triangle ABC at temperature Ty Attached to 
the two sides AB and CB of the triangle are representaUons 
of equilibrium m the two binary systems AB and CB These 
two bmary systems are of the type shown in Fig 1, but the 
temperature range has been restricted to such limits that 
only component B appears m the sohd phase On the side 
CB of the triangle point E represents the composiUon of the 
hquid phase (a mixture of B and C) m equilibrium with 
sohd B at temperature Ti Sunilarly, pomt D on the side 
AB represents the composition of the hquid phase (a mix- 
ture of A and B) m equilibrium with solid B Pomt F 
represents the composition of a hquid phase, which is a 
mixture of A, B, and C m equihbnum with sohd B The 
hnes BD, BF, and BE are Ue-hnes Any mixture of A, B, 
and C at temperature Ti whose composiUon can be repre- 
sented by a point withm the area BDFE must exist as two 
phases, a solid phase B m eqmhbnum with a hqmd phase 
which has a composiUon represented by a pomt on the 
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curve DFE For example, a mixture of composition G at 
temperature Ti will exist as a solid-liquid system consisting 
of solid B m equilibrium with a liquid of composition F 
The ratio of solid phase B to liquid phase of composition F 
will be the ratio of the length GF to the length GB All 
mixtures whose compositions can be represented by a pomt 
withm the area ADFEC will exist at temperature 71 as a 
smgle hquid phase The equihbnum in the ternary system 
ABC at temperature T], where one component, B, is a solid 
and two components, A and C, are liquids, is represented 
by the equilibrium or solubihty curve DFE and the tie-hnes 
on thetriangulardiagram Since all the tie-lines pass through 
an apex of the triangle they are usually omitted on the 
triangular equilibrium diagram 

Oil-wax-solvent Equilibria 

An approximate representation of equilibrium in an oil- 
wax-solvent system may be obtained by assuming the oil 
and the wax each to be a single pure component Since oil 
and wax are complicated liquid and sohd solutions of 
hydrocarbons, this assumption introduces certain quantita- 
tive inaccuracies into any equilibrium representation based 


equilibrium curve attached to the oil-solvent composition 
side of the triangle Only these portions of the oil-wax 
and solvent-wax equilibrium curves embracmg the coolmg 
range of temperatures are required, and these portions 
are, agam, above the freezing-points of pure oil and pure 
solvent, and hence also above the eutectic points of the 
oil-wax and solvent-wax mixtures, if such exist The 
rectangular coordinate portions of Fig 5, therefore, show 
the solubility curves of wax in pure oil and pure solvent 
over the required temperature range From these two 
curves the terminal points of the equilibrium curves on the 
ternary diagram are obtained Intermediate points in the 
tnangle can be obtained from the solubility curves of wax 
m different oil-solvent mixtures In the case, for example, 
of a 1 1 solvent-oil mixture the rectangular coordinate 
graph containmg the solubility curve of wax in this mixture 
would be attached to the line joinmg the apex representmg 
pure wax to the mid-pomt of the oil-solvent composition 
Ime In this way the isothermal equilibrium line at any 
required temperature may be constructed Two isothermal 
lines are shown in Fig S at temperatures and Tx 
Fig 6 IS a representation of equilibrium data for an oil- 



upon It Exact quantitative representation of equihbnum 
m an oil-wax-solvent system can be obtained by the use of 
solid geometrical figures Such methods are, however, 
rather complicated, and clumsy in use The employment of 
graphical representation on a single plane made available 
by the above assumption has many advantages which more 
than offset any slight loss of accuracy, and the actual quanti- 
tative error mvolved is small and of little importance in 
technical calculations and interpretaUons 
A necessary condition of the dewaxing process is that 
the diluent or solvent and the oil be completely miscible and 
liquid at the operating temperature The lowest temperature 
to be considered, therefore, must be higher than both the 
freezing-point of the oil and the freezmg-point of the 
solvent These temperature considerations restnet the 
ternary equilibrium isotherm to the simpler case already 
discussed and illustrated in Fig 4 The three components 
A, B, and C of this figure may now be replaced by the 
tlm components, oil, wax, and solvent or diluent The 
resultmg equihbnum diagram for this system is shown m 
Fig. S Smee the oil-solvent mixtures are totally liquid over 
the temperature range m question, there is no sohd-hquid 


wax-solvent system giving the temperature variable This 
takes the form of a solid prismatic figure with the tempera- 
ture variable along the vertical axis The shaded portion 
of the prism represents the solid-liquid region of the system, 
and the unshaded portion the completely hquid region 
Projection of the solid surface at any temperature plane on 
to the triangular base produces the iso^ermal solubility 
curve on the tnangular diagram Fig 6 is a reproduction 
of actual equihbnum data for the system lubricating oil- 
paraffin wax-light naphtha over the temperature range 
40-60° F 

Fig 7 shows the complete representation of an oil-wax- 
solvent system On to the ternary diagram, in which is 
drawn the equihbnum curve XY for the system at a given 
temperature r° F , are attached rectangular coordmates, 
linked to the oil-wax composition hne of the triangle The 
oil-wax composition side of the triangle is also the abscissa 
of the rectangular coordinates, of which the ordmate repre- 
sents temperature Thetwoscalesoftheattachedrectangiilar 
co-ordinates are thereforeoil-wax composition and tempera- 
ture On these scales are plotted the pour-pomt of varying 
oil-wax mixtures, shown m Fig 7 as the oii-wax pour-point 
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curve, and also the melting-point of varying oil-wax mix- 
tures, shown m the figure as the oil-wax melting-point 
curve In this particular form the diagram is most useful 
for dewaxmg calculations 

As mentioned above, this method of representation is not 
completely quantitative Over the temperature range used 
in dewaxmg only two phases exist, liquid and solid Under 

WAX 



these condiuons the liquid phase must vary between wax- 
free oil+solvent and wax-foil t-solvcnt Therefore, as 
long as temperature conditions are such that only one 
liquid phase is present, the oil may be treated as if it 
were a single pure component, since the total oil present m 
the system will always be m the hqiud phase The origmal 
assumpuon then introduces no error m this connexion 
Over the specified temperature range, the solid phase wdl 
be wax varymg in amount with varymg temperature and 
solvent conditions The total wax present m the system 
will thus be divided between the two phases, with vaiymg 
amounts m the solid phase and in the liquid phase, depend- 
ing on conditions Since wax is a complex sohd solution 


or sohd mixture of hydrocarbons, the composition of the 
solid wax phase and the composition of the wax dissolved 
in the liquid phase must vary with varying conditions This 
variation m composition of the wax could be represented 
quantitatively by some characteristic physical property such 
as melting-pomt If on Fig 7 the melting-pomt of the pure 
solid phase could be shown, then the equilibrium representa- 
tion would be quantitatively exact In 
order to do this Fig 7 would have to 
be replaced by a solid figure 

Dewaxing Computations 
Fig 7 may be used for graphical 
computations on dewaxmg operations 
LIGHT suppose a lubricatmg- 

oil stock with a pour-pomt of 73“ F 

NAPHTHA ‘o dewaxed with the addition of 

a solvent or diluent by chillmg to, and 
filtering at, 1“ F The ratio of solvent 
to stock to be used m the process is R 
Suppose, also, that the filtering pro- 
cess gives a cake of melting-point 104“ 
F consisting of wax and mechamcally 
entramed oil What is the yield of 
solvent-free take and dewaxed oiP 
What is the percentage of oil m the 
solvent-free cake, and what is the 
pour-point of the solvent-free dewaxed 
oil’ What percentage of solvent is 
present in the cake and filtrate ob- 
tained from the process ’ If the curve 
A'F of Fig 7 represents the equili- 
brium between wax-free oil, paraffin 
wax, and solvent at the dewaxmg tem- 
perature 1“ F , then this figure can be 
used as a basis for computmg the 
answers to these questions 
In Fig 7 £>' represenu the pour- 
point of the oil stock to be dewaxed, 
namely 73“ F From D' by means of 
the wax-oil pour-pomt curve the pomt 
D, representing the percentage wax m 
the stock, is obtained To the stock 
solvent IS added in amount such that 
the ratio of solvent to stock is R The 
composition of the nuxture of solvent 
and stock so obtamed must be on 
the line joining point D, representing 
the composition of the stock, to the 
LISHT point S, representing the composition 

of the solvent If the composition of 
NAPHTHA this stock and solvent mixture isrepre- 

sented by point E, then E must be 
located on DS so that DE/ES equals the required 
solvrait/oil ratio R The solvent and stock mixture, of 
composition represented by pomt E, is now cooled to 
the dewaxmg temperature 1° F Smee E lies within the 
two-phase solid-liquid area of the isothermal ternary 
diagram, the stock and solvent mixture must exist as 
two phases, a sohd phase and a liqmd phase The composition 
of these two phases must be located by the tie-line passmg 
through the pomt E, that is by the Ime FEB The point B 
then represoits the composition of the sohd phase, namely 
wax, while Frepresents the composition of the hquid phase, 
a solution consisting of wax, oil, and solvent Ihe ratio of 
the solid to the hquid phase will be equal to the ratio FEjEB. 
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The cake obtained on filtration consists of the solid 
phase, wax, together with mechanically held liquid This 
liquid must have the composition indicated by F Therefore 
the composition of the cake, a mixture of the solid phase 
and mechanically held liquid phase, obtained on filtration 
before solvent is removed from it must be somewhere on 
the line FB The melting-point of the solvent-free cake is 
104® F and the composition of the solvent-free cake can 
be taken as the composition of the wax-oil mixture having 
this melting-point From the melting-point, H', of the 
solvent-free cake and from the wax-oil melting-point curve 
the composition of the solvent-free cake in terms of oil and 
wax IS located as point H The composition of the cake 
obtained on filtration before the solvent is removed must 
therefore also lie on the line joming the point represent- 
ing the composition of the solvent-free cake H, and the 
point representing the composition of the solvent S The 
intersection of HS and FB at J must represent the com- 
position of the cake obtained on filtration before solvent 
removal The yields of actual cake and filtrate can then 
be obtained from the ratio EFjEJ which is the ratio of 
cake to filtrate The percentage of solvent in both the cake 
and the filtrate can be read directly from points J and F 
respectively 

The composiuon of the dewaxed oil after freeing from 
solvent must lie on the straight line passing through Fand 
S, and must be the point on this Ime where the solvent 
concentration is zero, that is, where it cuts the left-hand 
side of the triangle, namely, point G The pour-pomt of 
the dewaxed oil is then easily read from the oil-wax pour- 
point curve as G' equal to 65® F in Fig 7 The final yields 
of solvent-free cake of melting-point 104° F and dewaxed 
oil of pour-point 65® F arc obtamed from the relation- 
ship DGIDH equal to the ratio of solvent-free cake to 
dewaxed oil 

The equilibrium diagram can be used in the above way 
for computing the results to be obtained from a dewaxing 
operation, provided that either the meltmg-point of the 
solvent-free cake or the amount of oil in the solvent-free 
cake IS known Since the oil present in the solvent-free 
cake IS purely oil mechanically retamed during the filtenng 
operation, the cake melting-point must be entirely deter- 
mined by the filtration method and equipment employed, 
and Its value and variation could easily be determined for 
a given piece of equipment as a function of operating con- 
ditions It IS possible that some of the oil present m the 
cake may be actually dissolved in the solid wax If this was 
so, the solid phase at equilibrium would be, not wax, but a 
solid solution of oil or oil and solvent m wax In such a case 
the equihbrium diagram would differ somewhat from that 
shown m Fig 7, but computaUons would still be possible 
In all the instances so far examined experimentally [1 , 1937] 
no evidence for the existence of a solid solution of oil, 
solvent, or oil and solvent in wax was obtained, and 
It IS believed that the possible occurrence of such solid 
solutions IS remote 

Experimental Determination of the Eqnilibrium 
Diagram 

Experimental data for the construction of the equilibrium 
diagrams may be obtamed by either a direct or an mdirect 
method Smee the yield and character of the dewaxed oil, 
obtained in the dewaxing process, sometunes depend to 
some extent on the rate of cbillmg and on the length of time 
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the chilled mixture is held at the dewaxing temperature, 
a direct method is usually more satisfactory In a direct 
method the data used for constructing the equilibnum 
diagram must be obtained by small-scale dewaxing experi- 
ments These experiments most conveniently consist of 
filtration experiments carried out, at chilling rates and time 
at dewaxing temperature, identical with the rates and time 
employed under the proposed working conditions The 
equilibrium line at any one particular temperature, t” F , 
can then be plotted f^rom the results of three, or more 
accurately from four, determinations These experiments are, 
first, filtration of the wax-bearmg stock at f® F , second and 
third, filtrations at r° F , of wax-bearing stock with known 
suitable amounts of solvent added, and fourth, filtration 
of a suitable mixture of solvent and wax at i® F Analyses 
of the filtrates obtamed gives sufficient information to con- 
struct the equilibrium diagram at t® F for the particular 
wax-bearing stock and solvent used Since the equilibrium 
curve represents the composition of the liquid phase m 
equilibrium with the solid phase, wax, only analysis of 
the hquid phase, filtrate, is required The pour-point of the 
filtrate from the first filtration, the per cent solvent m the 
filtrate and the pour-point of the solvent-free oil from 
the second and third filtrations, and the per cent wax in the 
fourth filtrate are the only analytical data required By 
the use of an oil-wax pour-point curve, attached to the side 
of the triangular diagram as in Fig 7, these data can be 
plotted on the triangular diagram to produce the required 
equilibrium curve The oil-wax pour-point and the wax-oil 
melting-pomt curves are best constructed from synthetic 
mixtures of previously separated oil and wax Care has to 
be taken that the previously separated wax used is repre- 
sentative of the bulk of the wax present m the oil The 
pour-point and the meltmg-point curves are used of course, 
for all equilibrium diagrams pertaming to one wax-bearing 
stock at all dewaxing temperatures In all the cases so far 
examined [1, 1937] the oil-wax pour-pomt curve has been 
found to be a strai^t line when pour-pomt is plotted against 
log oil-wdx composition If this relationship is general. 
It IS obvious that this curve could be constructed from 
two or three points only, provided the extrapolated 
range was not loo extensive In carrying out pour-pomt 
determination it must be emphasized that the standard 
method of determination where the pour tube is inverted 
every 5° F is not sufficiently accurate for this type of 
work Usmg the standard method the error varies 
from H-l to -f4® F In the construction of, and in 
computations based on the equihbrium diagram, the 
pour-pomt curve is used as a measure of wax content, 
and smcc an error of -f4° F in the pour-pomt re- 
presents an error m wax content of about +20%, pour- 
pomts should therefore be determined correct to within 
I'F 

In Fig 8 the equilibrium diagram for a wax-free Iraman 
lubncating-oil fracuon and a paraffin wax, melting-pomt 
Kffi® F , with methyl ethyl ketone as a solvent, at SO® F , is 
illustrated This diagram was constructed from the data ob- 
tamed from four filtration experiments as described above 
In Fig 9 the eqmhbrium curves at temperatures of 40°, 50°, 
and 60° F for the same oil and wax, but with amyl alcohol as 
a solvent, are shown As m Fig 8 these were obtamed by 
direct filtration experiments Carhsle and Levme [2, 1932] 
describe the dewaxing of a wax disuUate with methylene 
chlonde From then: dewaxmg data at a chillmg tempera- 
ture of — 13° F , usmg a chillmg rate of 18® F per hour, 
with a standing time of 1 hour. Fig 10 has been constructed. 
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These investigators tabulate data for dewaxing with four 
different solvent/oil ratios This data gave the four points 
on Fig 10 joined to the apex by the broken constructional 
lines Of the remaining two points in the figure one was 
obtained from data given in the paper on the solubility of 
wax m methylene chloride at — 13° F , while the other was 
obtained by extrapolation The equilibrium curves for all 
the above three solvents are straight Imes at the prevailing 
temperatures 

The equilibrium curve m the ternary diagram is actually 
a solubihty curve representing the solubility of wax in oil, 
in oil-solvent mixtures, and in pure solvent at the prevailing 
temperature A point on this solubility curve represents 
the composition of the binary or ternary mixture which at 
the equilibrium temperature is saturated with wax An un- 
saturated ternary solution at a temperature /j if cooled to a 
temperature, say /, at which it is saturated, still remains 
a homogeneous solution If it is further cooled a fraction 
of a degree below t, the solution be- 
comes supersaturated and tends to 
attain equihbnum by depositmg wax 
as a solid phase Coolmg a solution 
of wax, oil, and solvent of known com- 
position down to a temperature t where 
the solution becomes cloudy due to 
appearance of solid wax means that at 
temperature t the solution of ongmal 
known composition is in equilibrium 
with the sohd wax phase That is, 
the ongmal known composiuon of the 
solution must represent a point on 
the isothermal solubility curve for the 
ternary system wax, oil, solvent at 
temperature t Therefore determining 
the cloud-pomt of a solution of oil, 
wax, and solvent of known composition 


is sufficient to locate a point (the known composition of 
the solution) on the solubility curve at an equilibrium 
temperature equal to the cloud-pomt temperature Given 
three different wax-oil-solvent mixtures all of known com- 
position and all with a cloud-pomt t, then the three pomts 
on a ternary diagram representmg the three known com- 
positions must be three pomts lying on the isothermal 
solubility curve for the wax-oil-solvent system at tempera- 
ture t It IS obvious, therefore, that an easy indirect method 
of constructing the equilibrium curve is by ordmary cloud- 
pomt determinations on known synthetic mixtures Fig 1 1 
shows the equilibrium curves at three temperatures for 
the system, Iranian lubricating oil, wax of melting-point 
108° F, and light naphtha boiling range 100-120° C 
These curves were constructed en- 
\ tirely from ordinary cloud-pomt 

_A determinations 

The cloud-pomt method of ob- 
/ \ taming the equilibrium diagram is 

\ obviously a convenient and easy 

\ / \ method It possesses, however, one 

y \ grave disadvantage m that when 

AT /\ employed with certain solvents it is 

/ \/ \ inaccurate For a system of three 

\ pure components, data obtained 

S. / \ \ from cloud-pomt or, more usually 

'ti' \ termed for this case, freezmg-point 

METHYL ETHYL determinations are, of course, en- 

kctomf reliable For a system where 

^ the solid phase consists of a large 
number of components, like paraffin wax, unavoidable 
errors are introduced by the use of cloud-pomts, particu- 
larly for certain solvents For example, on cooling a single 
homogeneous solution of composition, say, 10, SO, and 
40% wax, oil, and solvent respectively, in a cloud- 
pomt determination, the solid phase would appear, say, at 




1987 


PRINCIPLES OF DEWAXING 


SO” F This result, m the usual way, would be taken to 
mean that a liquid of composition 10, SO, and 40% 
wax, oil, and solvent was in equilibrium with solid wax at 
50° F When checked by the direct iiltraUon method, how- 
ever, eqiulibnum between a liqiud of this composition and 
solid wax would be found to occur at a lower temperature, 
say 45° F By filtration the liquid phase in equilibnum with 
solid wax at 50° F would be found to be not 10, 50, 
and 40% wax, oil, solvent, but, say, 15, 45, and 40% 
wax, oil, solvent That is, at 50° F the cloud-point 
method gives an apparent wax solubility of 10%, where- 
as 15% IS obtamed by the filtration method Wax is, 
of course, a mixture of a large 
number of components all of dif- 
ferent solubility in the solvent, 
some being more and others less 
soluble Since wax is being con- 
sidered as a single substance, the 
average solubility of the wax as a 
whole IS the solubility desired and 
IS the solubility obtained by the 
filtration method In the cloud- 
point determination the first solid qbwaxeo 
phase to appear consists mainly of ‘ 

the least soluble components of the 
wax, and hence this method gives 
not the average solubility of the wax as a whole, but the 
solubility of the less soluble constituents The less soluble 
components of the wax possess higher melting-points than 
the more soluble components A solvent from which the 
wax crystallizes as a first fraction with a much higher 
melting-point than the original wax therefore tends to give 
erroneous solubility data when the equilibrium is deter- 
mined by the cloud-point method Such a solvent is amyl 
alcohol from which, for example, wax of original melting- 
point 108“ F was found to crystallize in the first fraction 
as wax of melting-point 126° F The two different solubility 
curves obtained from such a solvent at temperature t ' F 
using the filtration and cloud-point methods are shown in 
WAX. 
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Fig 12 For the purposes of illustration the difference 
between the two curves has been exaggerated in the 
figure It will be seen that when no solvent is present the 
data obtamed from both the cloud-point and the filtration 
methods agree With increasing amounts of solvent the 
cloud-point solubilities are increasingly lower than the 
filtration solubilities up to a point where, on still further 
increasing the amount of solvent in the mixture the two 
lines begin to approach each other When the wax-solvent 
binary mixture is reached the error in the solubility 
measured by the cloud-pomt is large compared to the actual 
bulk or average solubility which is small here The data 
obtained from filtration experiments fall on a straight line, 
while those from cloud-point determinations fall on a slight 
curve Sullivan, McGill, and French [13, 1932] have found 
that difference of solubility due to difference of melting- 
point decreases with decreasing temperature, so that it is 
highly probable that at low temperatures both methods 
would give identical results In the case of a solvent m 
which the difference in solubility between the high and low 
melting-point waxes is not pronounced, the cloud-pomt 
method may be used with success for determining average 
solubihty data The light naphtha used for the equihbnum 
data of Fig 1 1 IS such a solvent 
Another method of determining average solubility data is 
that employed by Poole [10, 1929] This method is very 
convenient and is free from the error 
sometimes mtroduced by certam sol- 
vents into the cloud-pomt method. 
In this method a known mixture of 
oil and solvent is placed m a test- 
tube and excess wax added. The 
whole IS kept at the desued tempera- 
ture for a period of about 12 hours 
At the end of this time both liquid 
and solid phases must be present, 
the solid phase m fair amount Some 
of the hqmd phase is then removed 
and Its composition ascertamed by 
uiOHr NMPHTHA aiuilysis. Various liquid-phase com- 
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positions at constant temperature give the isothermal 
solubility curve on the ternary diagram This method is 
accurate, provided sufficient wax is present m the solid 
phase to be representative of the wax as a whole 
Poole [10, 1929, 11, 1931, 12, 1932] m three papers has 
published solubility data determined by the above method 
for paraffin wax meltmg-point 50'' C , m various solvents 
and solvent-oil mixtures at different temperatures, usmg 


as the oil two Pennsylvanian paraffin-base lubricating oils 
Poole’s data for four solvents, butyl acetate, butyl formate, 
pentasol, and diethyl carbinol, have been recalculated and 
plotted on ternary diagrams in Fig 13 The equilibrium 
Imes obtamed from Poole’s experiments are incomplete 
owmg to the fact that he did not determme the solubihty 
of the wax in the oils used 

For all solvents so far examined [1, 1937] the solubility 
curves when plotted on the triangular diagram are straight 
Imes The one exception is light naphtha used as a solvent 
at temperatures higher than 60“ F , and the deviaUon from 
a straight line in this instance would appear to be due to 
the high equihbrium temperature, which is much higher 
than any likely to be employed m actual dewaxmg practice. 
If all such equihbrium curves at low temperatures proved 
to be straight Imes or curves deviatmg very slightly from 
a straight Ime, then the foUowmg very easy method of con- 
stnictmg the ternary equihbrium solubihty diagram could 
be used One terminal pomt of the solubihty curve at a 
given temperature could be easily obtamed from cloud- 
pomt determinations on oil-wax mixtures or from one 
solubility determmation of wax in oil at the required 
tonperature using Poole's method The other terminal 
pomt could be determmed from one solubihty measure- 
ment of wax in solvent at the required temperature also by 
Poole’s method Merely connecting these two pomts m 
the ternary diagram by a straight line would then com- 
plete the data 


Classification of Solvents 

The ternary equihbnum diagrams form a sound basis for 
the classification and comparison of dewaxmg solvents 
The first essential feature of a solvent is that it must be 
completely miscible with the oil at the dewaxing tempera- 
ture All known solvents of this type fall into four 
classes 

1 Solvents which possess a greater solvent power for wax 
than does the wax-free hydrocarbon oil Solvents in this 
class exhibit a solubihty curve, such as ^4 or £ in Fig 14 
When such solvents are employed in a dewaxmg process 
the pour-point of the dewaxed oil obtained increases with 
increasing solvent/oil ratio The pour-point of the de- 
waxed oil obtained without the use of a solvent is always 
lower than that obtained at any similar temperature when 
such solvents are used Light naphtha is a typical solvent 
of this class giving solubihty curves similar to ^4 at 40” F 
and to B at 60“ F 

2 Solvents in which the wax is negligibly soluble, 
totally insoluble, or in which the wax, although appreciably 
soluble, IS less soluble than it is in the wax-free oil An 
equilibrium curve like C in Fig 14 is characteristic of this 

class of solvents Alteration of the 
solvent oil ratio when dewaxing 
with solvents in which the wax is 
negligibly soluble or totally insoluble 
has either veiy little or no effect on 
the pour-point of the dewaxed oil 
For such solvents the equilibrium 
curve differs from curve C, Fig 14, 
in that It passes through or nearly 
through the solvent apex, and the 
pour-point of the dewaxed oil ob- 
tained without the use of a solvent 
IS either the same or lower than 
that obtained with any similar tem- 
perature, when such solvents are 
used For solvents of this class in which the wax is 
appreciably soluble, but still of course less soluble than in 
the wax-free oil, then the pour-point of the dewaxed oil 
increases with increasing solvent/oil ratio, while the pour- 
point of the dewaxed oil obtained without the use of a 
solvent IS lower than that obtained at any sunilar tempera- 
ture when such solvents are used A typical solvent in this 
class IS amyl alcohol 

3 Solvents which, when added to an oil-wax mixture, 
at a given temperature, first preapitate wax and then 
on the addition of more solvent redissolve part or all of 
the precipitated wax These solvents give an equihbnum 
curve like D When used for dewaxmg, an increase m the 
solvent/oil ratio up to a certam pomt decreases the pour- 
pomt of the dewaxed oil Any increase m the solvent/oil 
ratio above this pomt increases the pour-point of the de- 
waxed oil The pour-pomt of the dewaxed oil obtamed 
without the use of a solvent would always be higher than 
the pour-point obtained using such solvents up to the 
cntical solvent/oil ratio, while at a ratio above the cntical 
ratio the pour-pomt of the dewaxed oil is always higher 
than that obtained when no solvent is used 

4 With solvents of this class the amount of wax preci- 
pitated mcreases and the pour-pomt of the dewaxed oil 
decreases with mcreasmg solvent/oil ratio up to a cntical 
rauo A typical solubility curve for such solvents is shown 
by E m Fig 14 The pour-pomt of the dewaxed oil ob- 
tamed by the use of such solvents up to the cntical ratio is 
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always lower than the pour-pomt of the dewaxed oil 
obtained when no solvent is used 
For dewaxing processes solvents of class 1 are obviously 
the least efficient and those of class 4, at solvent ratios 
below the cntical ratio, the most efficient A large majority 
of the solvents usually used approximate to class 2, solvents 
m which the wax is negligibly soluble or nearly insoluble 
For this special type of class 2 solvents the best solvent-oil 
ratio to be employed is determined entirely by the viscosity 
and ease of filtration or centrifuging of the oil-wax-solvent 
mixture at the dewaxing temperature 
It IS doubtful whether solvents of the third and fourth 
classes really exist Maksorov [9, 1924] gives a list of 
solvents which he claims belong to classes 3 and 4 
Most of these solvents, however, fail to fulfil the essential 
condition of solvents, viz to be completely miscible with 
the oil at the dewaxing temperature 
Poole [10, 1929, 11, 1931, 12, 1932] has examined the 
solubility of wax and oil in a large number of organic sol- 
vents Many of these solvents were only slightly miscible 
with oil at the usual dewaxing temperatures and hence no 
further research on their possible uses in dewaxing was 
earned out The most promising were examined in detail 
by Poole, and their equilibrium curves at several tempera- 
tures calculated from Poole's data are plotted in Fig 13 
It will be seen from this figure that all these solvents give 
straight lines on the ternary diagram, and at the lowest 
temperature examined are approaching class 2 solvents 
Of other solvents examined by Poole butanol, and to a 
slight extent chlorobenzene, appear to belong to class 3 
solvents at certain temperatures With chlorobenzene 
deviation from a class 2 type towards a class 3 type 
solubility curve is only very slight and probably is due to 
experimental error Below 30° C butanol shows a limited 
miscibility with oil Kalichevsky and Stagner [8, 1933], 
discussing Poole's results, state that these ‘solvents are 
especially promising because when added in small propor- 
tions to the oils they greatly decrease the capacity of the oils 
to retain their dissolved wax 
As seen from Fig 14, this statement is incorrect The 
evidence, that any solvent when added to an oil-wax 
mixture actually precipitates wax, is extremely slight, and 
any tendency to do so is small and apparently withm the 


temperature used, determines the behaviour of a solvent in 
dewaxing, this classification of these solvents pertains only 
to the particular temperature conditions and for the par- 
ticular oil stocks mentioned in this article 

Table I 

Classification of Oil-soluble Dewaxing Solvents 

Cla ss I Cla\s 2 Class 3 \ Class 4 

Naphtha Amyl alcohol Chlorobenzene ' 

Diethyl carbinol Butanol 
Methy ethyl ketone i 

I Methylene chloride 
Butyl acetate I 

' Butyl formate ^ 

Comparison of Calculated and Experimental Data 

Computations to forecast the results to be expected by 
a dewaxing process at any given temperature and using 
any given solvent have already been described Small-scale 
dewaxing operations have been carried out, using light 
naphtha as a diluent, in order to check the accuracy of the 
computation method [I, 1937] 

These experimental and calculated results are compared 
in Table 11 In columns 2 and 3 the wax content and pour- 
point of the oil stock used are given This stock was ob- 
tained by dissolving paraffin wax, melting-point 108 ' F , in 
Iranian lubricating oil The solvent/oil ratio and dewaxing 
temperatures employed are detailed in columns 3 and 4 
In column 5 the melting-point of the cake obtained in the 
experiments is tabulated The calculated yield of cake, 
and dewaxed oil, and the pour-point of the dewaxed oil 
shown m columns 7, 1 1, and 9 respectively, was computed 
graphically from a ternary equilibrium diagram assuming 
the melting-point of the cake was that shown in column 5 
The actual yields and pour-point are given in columns 6, 
8, and 10 

It will be seen from the table that agreement between the 
actual and calculated data is really excellent, considering 
the complicated nature of the materials handled The equi- 
librium data used for the calculations were those for the 
naphtha-wax-oil system illustrated in Fig 11, and the 
dotted lines appearmg in this figure are those actually 


Table II 


Solvent Light Naphtha ifi p 100-120° C ) 



limits of experimental error for all oil-miscible solvents so 
far mvestigated 

The classification of all solvents so far examined and 
which are completely miscible with the oil at the dewaxing 
temperature is given m Table I As the solubihty of the wax, 
not only m the solvent but also in the oil at the particular 


used for calculatmg yields, &c , for run 3 The equilibnum 
data m Fig 11 were constructed entirely from cloud-pomt 
detemunabons, which makes the agreement between the 
actual and calculated values still more remarkable 
Experimental and calculated results, usmg methyl ethyl 
ketone and amyl alcohol as solvents, are compared m 
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Table III in the same way as before [1, 1937] Once again 
agreement is excellent In this case the equilibrium solu- 
bihty diagrams for both solvents were constructed from 
equilibrium data obtained by the direct method The wax 
and lubricating oil were the same as those used for the light 


dewaxed oil are easily calculated The efficiency of vanous 
solvents apart from ease of filtration and mechamcal opera- 
tion for a given oil is then readily compared on the above 
basis 

In Fig 15 the pour-point of the dewaxed oil obtained by 


Table III 

Solvent Amyl Alcohol 


I Oil uock used \ \ ; 

I Content j Pour- ^ Solvent- Denaxing | MtlUng- 

Run I wax, i point, i oil | temp . point, 

no_\ % I ' F , ratio ' ‘ F ' ° F 

8 1 146 I 61 S i 08^ SO 741 

9 I 15 6 63 I 0 84 I 40 83 

10 I 114 S7 I 165 I 40 9S 


Cake^ 


Dewaxed oil 


Actual I Calculated | 
35 8 , 33 8 

322 I 33 7 

12 1 ■ 14 4 I 


Pour-point, ‘ I- _ 

Actual Calculated Actual | Calculated 
47 ' 47 64 2 I 66 2 

37 37 67 8 I 66 3 

37 37 87 9 ! 85 6 


Solvent Methyl Ethyl Ketone 


11 I 17 9 I 65 I 0 98 

12 I 25 9 i 72 I 179 


50 , 10425 , 86 I 114 . 51 I 51 

50 1001 ' 26 2 ' 25 1 52 3 52 


914 88 6 

73 8 74 9 


* Melting-point 


t Pour-pomt 


naphtha experiments The actual equilibrium data on 
which the calculations were based is shown m Figs 8 and 9 

Comparison of Dewaxmg Solvents 
One of the most useful applications of the ternary 
diagram to dewaxing computations is for the comparison 
of different solvents The effect of dewaxing temperature 
and solvent/oil ratio for any solvent with a given oil in 
yield of cake, dewaxed oil, and on the pour-pomt of the 


using naphtha, methyl ethyl ketone, and amyl alcohol for 
dewaxing a given stock oil at 50’ F is compared at different 
solvcnt/oil ratios Fig 16 shows the effect of varymg the 
dewaxmg temperature with amyl alcohol and naphtha as 
solvents for the same stock oil at constant solvent/oil ratio. 
Comparison of solvents on these lines allows the best 
solvent and the most favourable conditions to be chosen 
without the necessity for carrying out a large number of 
dewaxmg experiments 
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THERMAL REACTIONS OF GASEOUS HYDROCARBONS 
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The pyrolysis or ‘cracking’ of gaseous hydrocarbons has 
received much attention from both the scientific and the 
applied standpoints [73, 1932-5] On the scientific side, 
the thermal decomposiUon of the simpler hydrocarbons 
affords perhaps the best opportunity for learning something 
of the fundamental nature of the chemical reactioriS m- 
volved m pyrolysis, and the best prospects for unravelling 
the more complex reactions taking place in the cracking 
of petroleum and destructive distillation of coal On the 
applied side, pyrolysis affords a means of converting the 
vast volumes of available natural gas and gas produced 
by the cracking of petroleum into gasoline, benzol, carbon 
black, and other products Pyrolysis may also constitute 
a step in the manufacture of chemical derivatives, such as 
solvents and resins and many other products havmg a 
vanety of special applications At the present lime active 
development in many directions is taking place, and both 
the chemistry and applications of pyrolysis deserve a 
detailed consideration 

Chemistry of Pyrolysis 

Thermal treatment of even the simpler hydrocarbons in 
the absence of a catalyst yields a vanety of products, but 
with aid of improved experimental methods, particularly 
analytical methods employing precise fractional distilla- 
tion, It has been possible to obtain fairly exact information 
about many pyrolysis reactions The normally gaseous 
hydrocarbons are limited in number, and pyrolysis studies 
of nearly all of them have been made The paraffins are 
methane, ethane, propane, n-butanc, iso-butane, and the 
rarely occurring neo-pentane The olehnes are ethylenes, 
propylene, and the four isomeric butylenes More highly 
unsaturated gaseous hydrocarbons have been mvestigated, 
but of these acetylene and 1,3-butadiene, which are com- 
monly formed m pyrolytic reactions, have received most 
attention 

The paraffins, perhaps with the exception of methane, 
pyrolyse in a less complex manner than do the unsaturated 
hydrocarbons, the molecule sphtting to produce simpler 
complementary molecules of olefine and paraffin and 
sometimes hydrogen This decomposition requires hours 
at 400° C (752° F ), but the decomposition velocity m- 
creases rapidly with temperature and is a matter of seconds 
at 800” C ( 1 ,472° F ) As exposure to a pyrolysis tempera- 
ture IS prolonged and reaction becomes extensive, secon- 
dary decomposition occurs The products first formed m 
turn may undergo splitting reactions The olefines, how- 
ever, have also a tendency to unite with each other to pro- 
duce polymer molecules of higher molecular weight 
Complex reactions take place as the heating time is further 
prolonged, the more reactive hydrocarbons bemg pro- 
gressively destroyed, until only the most heat-stable 
hydrocarbons (methane and aromatics) survive, and even 
the aromatics are degraded to carbon in the end At very 
high temperatures acetylene is stable and is produced m 
significant amount, while at low-temperature levels non- 
aromatic oils result from extended reaction 

Among these complex reacUons, one class, namely, the 


uncatalysed primary decomposition of ethane and higher 
paraffins, has yielded on investigation fairly exact m- 
formation amenable to correlation and is first presented 
Pyrolysis of olefines and secondary reactions are next 
discussed, and methane is considered last because, due to 
Its high stability, the decomposition is largely a matter of 
secondary reactions 

Primary Decomposition of Paraffins 

Ethane propane, the butanes, and highci paraffins can 
be decomposed in glass, silica and copper vessels with 
little interference from catalytic action Both flow through 
a heated tube and a timed exposure in a heated bulb have 
been commonly used to effect decomposition experi- 
mentally, after which the pvrolysed hydrocarbon is 
analysed and reactions taking place mav be deduced This 
rather elementary procedure has been used almost ex- 
clusively for studying pyrolysis If the traction of the 
paraffin decomposed is small, the products are those 
formed by the decomposition of the paraffin itself 

Many investigations have established for the paraffins 
the course of primary decomposition Ethane decomposes 
into equivalent amounts of ethylene and hydrogen Pro- 
pane decomposes similarly into propylene and hydrogen, 
but an equal amount decomposes by fracture ol the carbon- 
carbon bond to produce equivalent amounts of ethylene 
and methane Iso-butane decomposes in the same way 
as propane, somewhat more of the decomposition follow- 
ing the dehydrogenation route ;t-Butanc decomposes 
mainly through fracture of the carbon chain to produce 
ethylene plus ethane by fracture of the middle carbon- 
carbon bond, and propylene plus methane, by fracture of 
the terminal bond Neo-pentane gives iso-butylene plus 
methane The mode of decomposition is expressed by the 
rule of Hague and Wheeler [21, 1929] ‘The primary 
decomposition can be represented by a senes of equations 
indicating the rupture of the chain at any position with the 
production of an olefine and the complementary lower 
paraffin, or, at the limit, hydrogen ’ 

The decomposition is represented by the following 
equations The numerical values give the percentage of the 
total decomposiUon which follows the route indicated, and 
arc averages of values obtained by different investigators 


CH,CH, ^CH,-CH, IH. 100% 

Ethane Ethylene Hydrogen 

CH,CH,CH, — — CH,CH- CH, H, 45 % 

Propane Propylene Hydrogen 

CH,CH, CH, ► CH, -CH, I^CH, 55% 

Propane Ethylene Methane 

-CH,CH,CH- CH, ) H, 

CH,CH,CH,CH, 1-Butene Hydrogen 
n-Butane ^CH,CH-CHCH,-fH, 

2-Butcne Hydrogen 

CH,CH,CH, CH, - >CH,CH-CH,4^CH4 50% 

n-Butane Propylene Methane 



1995 


THERMAL REACTIONS OF GASEOUS HYDROCARBONS 


CH,CH, CHjCH, 
n-Butane 


CH,. 

>CHCH, > 

CH/ 

iso-Butanc 


fCH,-CH,4 CH,CH, 

Ethylene Ethane 

(a) 

CH, CH, I CHj- CH,4 H, 
Ethylene Ethylene Hydrogen 

CH,. 

>C-CH, I H. 

CH./ 

iso-ButyIcne Hydrogen 


CH.. 

>CH CH, CH.CH CH CH. 

CH,-' Propylene Methane 

iso-Butane 

CH,. CH, CHr. 

VC V X CH. tCH. 

CH, XH, C H/ 

neo-Pentane iso-Butykne Methane 

Note (a) At high temperatures 


38% 


While the velocity of decomposition increases rapidly 
with temperature the relative proportions of the products 
initially formed vary only a little with temperature over 
a wide range, 400-800“ C , and likewise are affected little 
by pressure 


Kinetics 

The decomposition rales for all the gaseous paralhns 
have been determined by maintaining the hydrocarbon 
at a known temperature for a known time and determuung 
the extent of decomposition analytically The decomposi- 
tion IS extremely slow below 400 C , but above this 
temperature the decomposition rates for all gaseous 
paraffins have been determined [21, 1929 , 27, 1929 , 34, 
1932, 36, 1931, 37, 1934, 44, 1928, 64, 1934] The rate 
IS virtually independent of pressure, but increases rapidly 
with mcrcase in temperature for a given hydrocarbon, 
while at a given temperature the rate increases as the 
molecular weight of the hydrocarbon increases Methane, 
the lowest member, is by far the most stable paraffin 
In Fig 1 IS shown decomposition rate data for the gaseous 
paraffins The decomposition rate increases 2 5- to 3 0-foId 
for an increase in temperature of 25‘ C in the neighbour- 
hood of 600“ C This coefficient corresponds to a heat of 
activation of 60,000 to 70,000 calories per mol 

Hiermodynamics 

Thermodynamic calculations show that the paraffins 
decrease m stability with rise m temperature The elevated 
temperatures necessary to induce pyrolysis as a rule are 
well withm the range of thermodynamic instability The 
composition of products depends upon the relative 
velocity of the competing reactions, and these velociUes, 
in general, do not reflect the thermodynamic driving force 
This is generally the case with pyrolysis reactions, though 
in a number of cases thermodynamic reaction limits are 
encountered Ethane decomposition proceeds readily only 
to 15% at 600° C and atmosphenc pressure, smee at this 
point the recombinaUon of the ethylene and hydrogen 
formed takes place at an equal rate Decomposition con- 
tinues slowly as ethylene is destroyed by other reacUons 

Thermodynamic data for the two typical crackmg 
reactions of propane, computed from recent data, are given 
below. 


C,H,->C,H4T^CH4, 

AH,o„.c = 18,800 cal , AF^^-c = -17,090 
C,H,-»-C,H,+H„ 

AH„o., , - 29,410 cal , AF„o„ ^ - 2 090 
The pnmary decomposition of propane absorbs heat to 
the extent of about 24,000 calories per mol decomposed at 
600° C The molar heat of decomposition is slightly lower 
for the butanes, and higher for ethane 

Mechanism of Pnmary Decomposition. 

In attempting to visualize how the decomposition takes 
place, a chief difficulty has been the transfer of a hydrogen 
atom from the carbon atom one removed from the point 
of fracture to the other fragment formed Dissociation 
into alkyl radicals, one of which takes a hydrogen atom 
from the other, has been suggested by Hurd [23, 1929] It 
has been thought that a prohibitively high activation energy 
may be required to effect dissociation into free alkyl 
radicals To avoid this difficulty, Burk [2, 1931] has sug- 
gested that the one radical may transfer its allegiance to 
the hydrogen atom of the other radical by a semi-ionization 
process Kassel [31, 1932] has suggested that the decom- 
position may pioceed through the formation of a paraffin 
and alkylidcne, this alkylidenc then rearranging to oleflne 
More recently Kassel [32, 1933] proposed a theory, based 
on fundamental valence considerations, which accounts 
for the formation of more than two product molecules 
((a) preceding tabulation) without the formation of free 
alkyl radicals In the case of «-butane, for example, two 
hydrogen atoms at opposite ends of the carbon chain are 
assumed to come into proximity and unite with each other 
to form a molecule of free hydrogen The carbon chain 
breaks in the middle to yield two ethylene molecules 
Similarly, n-pentane may yield methane and two ethylene 
molecules, in agreement with experiment 
Rice [50 1931] has proposed a theory for the decom- 
position of paraffins based on the formation of free alkyl 
radicals A few molecules are assumed to dissociate mto 
free alkyl radicals, each of which may then imtiate a 
reaction chain by extracting a hydrogen atom from another 
paraffin molecule which thus becomes in turn an alkyl 
radical, and may then decompose by fracture of the carbon 
chain at that point which will allow of the formation of 
a molecule of olefine and a simpler complementary alkyl 
radical without migiation of hydrogen The simpler 
radical may in turn extract hydrogen from a paraffin 
molecule, and thus the chain continues That alkyl radicals 
actually undergo fracture reactions is mdicated by the 
data of Frey and Hepp [12, 1933] who decomposed di- 
n-butyl mercury and di-sec-butyl mercury, and found 
n-hexane among the reaction products in the former case 
and iso-pentane in the latter These products can be 
accounted for by assuming fracture of butyl radicals to 
produce free ethyl and methyl which unite with butyl 
Rice [51, 1933^, 52, 1934, 53, 1933-4, 54, 1932] detected 
free methyl radicals in hydrocarbons decomposed by the 
Paneth method Simple paraffins were passed through 
a tube heated to about 1,000° C at very low pressure and 
high veloaty, and the products were allowed to impinge 
upon and react with lead, mercury, und tellurium Alkyl 
compounds containing the methyl group were produced 
That the decomposition of butane may proceed by a cham 
mechanism is suggested by experiments (unpublished data) 
in which butane was heated to 525° C for too short a Ume 
to effect decomposition The addition of very small amounts 
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of dunethylmercury, however, induced the decomposition 1930] yielded, in addiUon to products of higher molecular 
of many equivalents of butane to the usual products weight, ethylene and methane, indicating the reaction 
A critical discussion of the Rice mechamsm has been given ruAr-u 

by Kassel [33, 1935] C.H.+K, -> C.H^ CH., 

The experimental evidence at present available cannot *e presence of hydrogen this reaction may pre- 

be considered to furnish decisive tests for theory dominate [14. 1928] The hydrogen may be acquired cither 

from molecular hydrogen present or from hydrocarbons 


Pyroly»s of Olefines 

The reactions taking place when olefines arc pyrolysed 
non-catalytically are more complex than in the case ol 
paraffins The primary reactions are not well understood 
and experimental results available have in fewer cases lent 
themselves to theoretical treatment Nevertheless, much 
useful information has been amassed 

Olefines exhibit three types of reaction on pyroly&is 

1 Splitting reactions analogous to the splitting of 
paraffins 

2 Structural rearrangement 

3 Polymerization to larger molecules 

Ethylene is converted at atmospheric pressure and 
400-600" C into products of higher molecular weight, 
mostly olefinic in structure, and so little methane is formed 
initially that a splitting reaction analogous to that of 
the paraffins can be considered negligible The reaction 
velocity has been shown by Pease [43, 1930] to increase as 
the square of the pressure An attempt to determine the 
primaiy products was made by Storch [60, 1932] who 
heated pure ethylene to 377° C under 141 5 cm Hg 
pressure in a glass bulb and interrupted the reaction when 
exceedingly small conversions had taken place With 
0 6''i conversion the chief product was butylene, which 
suggests a simple dimerization 

CaH* I C.Hi -* CjH, 

As the leaction was prolonged the velocity accelerated 
greatly and propylene, butylene, pentenes, and higher 
hydrocarbons were formed, even with a small extent of 
reaction (5 %) The peculiarities of the reaction have not 
been satisfactorily accounted for Schneider and Frolich 
[56, 1931] studied the initial stages of ethylene pyrolysis 
at a higher temperature. 725° C, and a low pressure, 
0 2 atm (Fig 2), with a different result The chief products 
formed in the early stages of the reaction (5% conversion) 
were butadiene and hydrogen 

C,HH C.H, -> CH.-CH— CH-CH,+H, 

Under those conditions the formation of butylene as an 
initial product was considered questionable 

At high pressures polymerization of ethylene proceeds 
so rapidly that reacUon can be brought about at tempera- 
tures well below the pyrolysis range for the paraffins 
Jpatiev [28, 1911] heated ethylene at 380° C and 70 atm 
pressure and produced polymers boiling all the way to 
280° C and above TTie polymers contamed chiefly 
olefines, paraffins, and naph^enes Ethylene, propylene, 
and the butylenes have been polymerized at high pressures 
in more recent investigations with a similar result Under 
an, extremely high pressure, 9,000 atm , polymerization of 
the unsaturateds in cracked gasoline has been mduced 
at 60° C [59, 1934], 

Propylene, like ethylene, is polymerized under high 
pressure and undergoes complex reactions involving poly- 
merization at lower pressures Propylene, however, also 
und«goes a splitting reaction analogous to that of propane 
Pyrolysis at 600-900° C and atmosphenc pressure [25, 



FIC 2 -PYROLYSIS OF ETHYLENE C IN SILICA) AT 72S ‘C AND 
0 2 ATMOSPHERE OCHNHBER t FFOUCH) 


In a study of the initial stages of the pyrolysis of pro- 
pylene at a high temperature, 725° C , and low pressure, 
0 2 atm , Schneider and Frolich [56, 1931] found that 48% 
of the propylene was converted into ethylene and butylene 
and suggested the reaction 

C,H,+C,H, — C.H, + C.H„ 

which Wheeler and Wood [70, 1930] previously proposed, 
in connexion with their study of propylene pyrolysis 
Other reactions apparently takmg place were 
2C,H, -> C,H,+ CH,-CH— CH - CH„ 
2C,H.-vC,H,+CH4. 

2C,H, C,H„4 Hi 

Highly unsaturated products of molecular weight higher 
than propylene were formed 
The butylenes likewise have been found to exhibit both 
sphtting and polymerization reactions The pyrolysis ot 
1-butene and 2-butenc at 600" C and atmospheric pressure 
was studied by Wheeler and Wood [70, 1930] who ob- 
tained equivalent amounts of methane and propylene and 
suggested that the terminal carbon bond was ruptured in 
pnmary decomposition, the radicals bemg then hydro- 
genated Liquid products were also formed in large amount 
In Table I are shown results obtained when 1 -butene 
and 2-butene were pyrolysed in the presence of about 
5 vol of hydrogen (unpublished data) Polymerization 
occurred, but the predominant reaction was decomposition 
in which hydrogen was consumed to yield the dissocia- 
tion products of n-butane Butene-2 was somewhat more 
stable than butene-1, and exhibited less scission of the 
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middle carbon-carbon bond which in the case of butene-2 
IS a double bond In the case of the butenes direct re- 
arrangement of one isomer to form others is possible, but 
in the absence of a catalyst is probably slow 

Table I 

Pvrolysis of Butenes at 575° C {1,067° F) and 
Atmospheric Pressure 

Butene- 1 Buiene-2 

Composition of gas cracked 
(volume per cent ) 

H, 81 4 83 4 

C4H, 18 6 16 6 


The diolcfines and acetylenes pyrolyse somewhat more 
readily at atmospheric pressure than the olefines to produce 
more polymers and less of sassion products Rearrange- 
ment of methyl- and ethyl-acetylene to 1,2 dienes takes 
place readily [26, 1931, 38. 1930] 

To summarize the pyrolysis of the olefines, propylene 
and the butylenes have been shown to undergo a splitting 
reaction analogous to that of the paraffins, and C-C bonds 
are present in the molecule The ethylenic linkages are 
less subject to fracture This reacUon may be overshadowed 
by polymerization when the pressure is high, but is im- 
portant at atmospheric pressure or less and above 550° C 
The reaction may be represented for propylene as follows 
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The pyrolysis of iso-butylene at 600-800° C and atmo- 
spheric pressure was studied by Hurd and Spence [27, 
1929] and Hurd and Eilcrs [24, 1934] Iso-butylene was 
found to react more slowly than iso-butanc A large 
fraction of the iso-butylene converted formed polymers, 
whose subsequent decomposition even with small con- 
versions, obscured the splitting reactions However, the 
principal decomposition reaction was the splitting of iso- 
butylene to give methane and propylene 


The hydrogen may come from molecular hydrogen 
present or from hydrocarbons Ethylene alone does not 
decompose extensively in this way 
At temperatures above 550’ C and pressures of the 
order of one atmosphere polymerizing reactions lake 
place which differ from simple polymerization into higher 
olefines in that elision of hydrogen and splitting of the 
molecules formed by association take place and diolcfines 
and olelines of hi^cr and lower molecular weight are 
chiefly formed 

The rate of pyrolysis under such conditions is on the 
average lower than that of the corresponding paraffins 
Ethylene pyrolyscs more slowly than ethane, iso-butylene 
more slowly than iso-butanc, but propylene and the 
butenes correspond more nearly with propane and butane 
Butene-1 pyrolyscs more rapidly than butenc-2 
At high pressure polymerization is the dominant reac- 
tion of theolchnes and proceeds rapidly at comparatively 
low tempeiatures to produce higher mono-olefines and 
other polymeric hydrocarbons more rich in hydrogen 
than diolcfines The reaction evolves heat and may pro- 
ceed explosively with rise m temperature The poly- 
mers formed boil for the most part in the gasoline 
range, and this reaction is made use of for the conver- 
sion of olefinic gases into gasoline 

The many peculiarities of olefine 



pyrolysis reactions have stood in 
the way of determining reaction 
mechanism The olefinic double 
bond IS activated by heat, and the 
union of two olefine molecules after 
such activation accounts for simple 
polymerization Theories involving 
the intermediate formation of free 
alkyl and alkylidene radicals have 
been applied to olefine pyrolysis to 
account for reactions other than 
simple polymerization 

Secondary Reactions 
When pyrolysis of ethane, pro- 
pane, or butane is allowed to pro- 
ceed until decomposition of the 
ongmal paraffin is extensive, the 
olefines and parafiSns first formed 
(excepting methane) in turn under- 
go pyrolysis, and if the pressure is 
not high, a maximum conversion 
into gaseous olefines is effected 
before the formation of oils be- 
comes marked Propylene and the 
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butylenes formed undergo splitting reactions and decrease 
in amount, while ethylene increases, and a decrease in 
average molecular weight takes place The higher the 
temperature level, the greater the percentage of olefines 


at several temperatures, with varying times of reaction 
The case of propane is typical and the results are shown 
m Fig 3 The maximum conversion into olefines was 
80 vol % of the propane at 816'" C (1,500‘ F) and 65 




developed This is due chiefly to the tendency of ethylene 
once formed to rehydrogenate to ethane at the lower 
temperatures The production of olefines by such exten- 
sive decomposition is of pracUcal interest because the 
olefines so formed can be polymerized to gasoline, or 
used for the synthesis of chemical derivatives 
Sulhvan et al [63, 1935] decomposed ethaneand propane 


vol % at 766° C (1,410° F) Ethane gives somewhat 
lower conversion and the butanes somewhat higher under 
the same conditions 

The changes in composition takmg place during pro- 
tracted pyrolysis of this kind have been investigated in 
several instances Propane was subjected to extensive 
pyrolysis by Schneider and Frolich [56, 1 93 1 ] (Figs 4 and 5) 
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The extent of cracking was varied m order to allow of 
distinguishing between prunaiy and secondaiy products 
As cracking proceeded propylene formed as an initial 
product was destroyed Methane and ethylene were 
formed in increasing amount chiefly from the propylene. 


formed was approximately equal to the propylene de- 
stroyed 

Carbon formation is slight m virtually all pyrolyses 
unless reaction is sufficiently protracted to develop oils 
and tar which degrade into carbon, and decomposition of 




and higher hydrocarbons were formed m mcreasmg 
amounts through reactions involving polymerization 
Sinularly, n-butane and iso-butane were subjected to ex- 
tensive decomposition by Neuhaus and Marek [40, 1932, 
41, 1933] and analogous results were obtained (Figs 6 
and 7) The decomposiUon of iso-butane was made 75% 
complete. At this point the iso-butylene and propylene 
formed by pnmary decomposition were largely destroyed, 
iso-butylme yielding propylene and methane, and pro- 
pylene yielding ethylene and methane The propylene 


the type desenbed is accordmgly accompanied by very 
htde carbon formation 

Drastic Pyroly^s— Acetylene, Diolefines, Aromatics, 
and Caiiion 

While the mitial stage of pyrolysis yields products 
characteristic of the hydrocarbon pyrolysed, it becomes 
more difficult to distmguish between tins behaviour of the 
various paraffins and olefines under more drastic conditions. 
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After the initial stages the pyrolysis is essentially the 
pyrolysis of olefines and other unsaturated hydrocarbons, 
and the multiplicity of products obtained — olefinic and 
naphthenic oils, diolefines, acetylene, aromatic hght oils, 
tar, and carbon — do not in most instances reflect the 
composition of the original paraffins and olefines pyto- 
lyscd, but are determined by the temperature, pressure, and 
time factors Each of these variables has an independent 
effect on the products obtained Many combinations of 
these variables are possible, and several regions have been 
investigated experimentally A description of each will 
cover the range of published work The temperature 
level of the pyrolysis is most important and largely 
determines the products The 
vanous products may be arranged 
in order of increasing stability to 
heat under reaction conditions as 
follows 

Olefine and naphthene polymers 
Diolefines and triolefines 
Benzene and toluene 
Aromatic tars 
Methane 
Acetylene 
Carbon 

The production of olefine and 
naphthene polymers takes place at 
moderate temperatures The pyro- 
lysis at higher temperatures pro- 
duces diolefines and aromatics 
and, at still higher temperatures, 
acetylene Fig 8 depicts in a 
general way the course of pyro- 
lysis over a wide range of tem- 
perature, pressure, and time 
Acetylene. 

Acetylene is the only hydro- 
carbon thermodynamically stable 
at very high temperatures Its 
formation in small amounts has been detected m the 
pyrolysis of vanous hydrocarbons around 800° C , but at 
temperatures in excess of 1 ,200° C it is produced m large 
amounts Rapid cooling of the products is essential for 
preserving the acetylene, since protracted reaction converts 
acetylene into aromatic oils and carbon The formation 
of acetylene has been accounted for m two ways 

(1) Free radicals are formed which umte Thus CH 
may be formed and two molecules unite to pioduce 
acetylene 

CH + CH-.-CH--CH 

(2) Ethylene may lose hydrogen at a high temperature 

CH,-CH, -> CH- CH+H, 

Many mvestigators have studied the formation of acety- 
lene m the pyrolysis of methane at 950 to 1,200° C and 
higher Typical results will be mentioned Smith [57, 
1931] pass^ methane through a heated tube and found 
at 1,200° C and a time of reaction of 0 1 sec a conversion 
mto acetylene of 2 1 vol % m the gas, or 3 9 wt % 
Aromatic oils, ethylene, and hydrogen were also formed 
By prolonging the reaction the formation of oils mcreased, 
but the acetylene yield remained virtually constant Peters 
and M^rer [45, 1929] obtamed higher yields of acety- 
lene from methane by heaUng to 1,600 to 3,000° C for 
extremely short periods of tune in the presence of tungsten 


carbon-heatmg elements As high as 65% conversion mto 
acetylene was obtained without the formation of other 
hydrocarbon products Reduced pressure favours acety- 
lene formation De Rudder and Biederman [55, 1930] 
explored a range of pressures and temperatures and 
obtained at the highest temperature used, 1,500° C 
(reaction time 0013 sec ), and a low pressure (44 mm ol 
mercury) the highest conversion into acetylene of 14 85 
vol % of the effluent gas or 52 5% of theoretical 
Reduced pressure, dilution with hydrogen and carbon 
dioxide favour high acetylene yields 
Higher concentrations of acetylene have been obtained 
from other gaseous hydrocarbons usually because they 
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decompose more readily than methane to form ethylene 
in high yield which then dehydrogenates efficiently to 
acetylene Ethylene heated for a very short time at 1,300 
to 1,400° C at reduced pressure has been converted to 
the extent of 90°;, mto acetylene [6, 1932] and propane and 
the butanes at 1,400° C and atmospheric pressure likewise 
gives high yields of acetylene [65, 1935] 

Many patents directed to the manufacture of acetylene 
have been issued They are concerned chiefly with means 
for providing high temperatures, short reaction times, and 
quick cooling The electric arc, electrically heated elements 
in the gas stream, flames in the gas stream, addition of 
oxygen to the gas, as well as the external heating of a tube 
through which the gas flows rapidly have been described. 

Aromatic Oils and Diolefines. 

At temperatures of 600-1,200° C or more and at 
atmospheric or somewhat higher pressures, pyrolysis of 
any of the gaseous hydrocarbons produces benzene, 
toluene, and aromatic tar, provided the reaction is pro- 
longed considerably beyond the time required for pnmary 
decomposition 

Frey and Hepp [10, 1932] studied the pyrolysis of pio- 
pane, butane, and other gaseous hydrocarbons with special 
attention to the time factor Butane (89% n-butane, 11% 
iso-butane) was pyrolysed at 850° C and atmospheric 
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pressure In 0 09 sec nearly all the butane was destroyed 
Olednes of lower molecular weight, ethane, methane, and 
hydrogen, were produced At this moderate pressure the 
velocity of polymerization is comparatively low and a 
maximum concentration of simple olefines was obtained 
On prolongmg the reaction to 3 9 sec — over 40 times the 
reaction time required for decomposition to a maximum 
content of gaseous olefines — the maximum conversion into 
benzene and toluene was obtained During the early part 
of the oil-formmg stage of the pyrolysis propylene and 
butylene were destroyed while ethylene disappeared 
gradually as oils were formed Ethylene is consequently 
the olefine chiefly responsible for oil formation under these 
conditions 

Diolefines were formed in low concentration during the 
oil-forming stage of the reaction, but decreased as the 
aromatics approached a maximum The diolchnes are 
generated from the olefines m the gas, and m turn are 
polymerized into aromatics The pyrolysis was carried 
far enough to degrade the aromatics Tar increased in 
amount with protracted heating, and diolefines and toluene 
were destroyed, leaving the more stable benzene Carbon 
formation became rapid when tar of high molecular weight 
had been formed in large amount Carbon formation in 
pyrolysis is nearly always due to decomposition of high 
molecular weight polymers of aromatic structure Table II 
illustrates the course of the pyrolysis 

Table II 

Composition of Volattle Oils from Butane at 850'' C 



The complexity of the reactions is brought out by the 
variety of diolefines formed, nearly all of which were of 


the 1,3 type Butadiene, 1,3-pentadiene, isoprene, 1,4- 
pentadiene, cyclopentadiene, methylcyclopentadiene, and 
fulvenes were isolated Of the mono-olefines, only iso- 
butylene and trimethylethylene were present in significant 
amount All these have in common the absence of the 
— C — C— C — structure, except 1,4-pentadiene, and to this 
their thermal stability can be ascribed 
The sequence of reacUons can be represented as follows 
Butane -> olefines ->• diolefines 

— > benzene and toluene -> tar 
The formation of benzene has been ascribed to the union 
of butadiene with ethylene C,Hi Hj, but 

the identity of intermediate molecules formed in the 
synthesis of aromatics is obscure The experiments of 
Frolich 156, 1931 ] support such an explanation A mixture 
of butadiene and ethylene was pyrolysed and benzene 
produced A hydrocarbon with the formula C,H, was 
identified which may have been an intermediate in the 
formation of benzene 

The heat of reaction throughout the pyrolysis was com- 
puted from the analyses of the products and their known 
heats of formation The decomposition to olefines is 
strongly endothermic, but the subsequent oil-forming stage 
of the reaction is somewhat exothermic In large-scale 
experiments butane was cracked in a tube coil to a maxi- 
mum olefine content and passed into an insulated reaction 
chamber wherein the oil-forming reactions took place with 
a temperature rise of as much as 100 C 
While the temperature level of pyrolysis influences the 
products obtained, the pyrolysis may often be made to 
yield a given result over a rather wide temperature range 
if the same extent of reaction is obtained by decreasing 
the time to compensate an increase in temperature The 
range is particularly wide for the production of aromatics 
Butane and propane were converted into aromatic oils 
in virtually constant yield at from 700 to 1,500" C with 
appropnate reaction times ranging from 240 to 0012 sec 
At acetylene-forming temperatures of 1 ,200° C and higher, 
aromatics are produced by prolonging the reaction to 
allow acetylene and ethylene polymerization to take place, 
and, at the other extreme, a protracted polymerization of 
olefines will yield aromatics at 500" C 

Pyrolysis of Methane 

While methane is the simplest and most abundant of 
the gaseous hydrocarbons, its thermal stabUity is so great 
that Its pyrolysis largely involves the secondary reactions 
which have been discussed Decomposition is extremely 
slow below 900° C Early investigators found only carbon 
and hydrogen to result from methane pyrolysis, but recent 
investigations show carbon to be the end product of a senes 
of rapid reactions which follow closely the primary 
decomposition By heating methane to 1,700*° C hy a 
carbon filament m a glass bulb surrounded by liquid 
oxygen to condense the products, Storch [60, 1932] has 
found ethane and hydrogen to be formed almost exclu- 
sively Kassel [34, 1932] suggested the reaction mechanism 
CH, -*• CH,+H, 

The formation of CH 3 radicals which unite to form ethane 
has also been suggested. 

By passing methane rapidly through a heated tube at 
930-1,250° C ethylene pr^ommates when decomposdion 
IS limited, but is accompanied by increasing amounts of 
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acetylene when heating is more protracted, indicating a 
sequence of reactions 

C.H, C,H, I H, -> C,H, I 2H, 

As reaction is further prolonged, light aromatic oils and 
tar are formed as rapidly as ethylene and acetylene are 
generated, the concentration of ethylene plus acetylene 
reaching only 3 8% by volume at atmospheric pressure 
and 1,200" C [57, 1931] Carbon began to form rapidly, 
presumably from the tar, by the time 27 of the methane 
was decomposed with a reaction time of 0 2 sec , and a 
maximum of 6°u by weight of light oils was developed 
Both higher temperatures and lower pressures favour 
the development of higher concentrations of acetylene 
while increased pressure decreases the formation of hydio- 
carbon products Dilution with hydrogen or carbon 
dioxide as well as reduced pressure increase acetylene 
formation and, to preserve the acetylene formed, rapid 
cooling from the reaction temperature is necessary 

Pyrolysis under Pressure 

Pyrolysis of gaseous hydrocarbons at low pressuics 
and temperatures much below 600" C has received a 
limited amount of attention because of the inconveniently 
long reaction times required to carry pyrolysis past the 
primary stages At high pressures, however, the polymeriza- 
tion of olefines is accelerated and rapid reaction even below 
400 C may be obtained Ethylene, propylene, and the 
butjlenes polymerize, ethylene somewhat more readily than 
the others, to form polymers which, in the initial stages may 
be largely normally liquid mono-olcfines of low molecular 
weight As the reaction continues, polymers of higher 
molecular weight make their appearance, and finally tar 
The liquid products of an extensive conversion contain 
paraffins, olehnes, naphthenes, and also aromatics 
The pyrolysis of gaseous paraffins, particulatly propane 
and the butanes, under pressure leads to the formation of 
hydrocarbons oi higher molecular weight resembling the 
polymers from olefines The primary dissociation into 
simpler paraffins and olefines proceeds in much the same 
way as at low pressures However, the olefines are generated 
at a high partial pressure before primary decomposition is 
very extensive and their polymerization begins, the crack- 
ing and polymerizing then proceeding concurrently As 
reaction proceeds, tar formation sets in and finally carbon 
IS produced, while the decomposition of the origuial 
paraffin may be far from complete Butane and propane 
may be converted into volatile normally liquid hydro- 
carbons, largely non-aromatic, by pyrolysing under pres- 
sures of 100 atm or more, lower hydrocarbons, chiefly 
methane and ethane, being produced at the same time 

Catalytic Conversion 

The use of catalytic materials for effecting pyrolytic 
reactions has been extensively investigated, but in many 
cases the part played by the catalyst is dif&ult to disUn- 
guish, though It has been shown that many metals, non- 
metals, oxides, and salts exert catalybe action A few cases 
may be singled out m which the course t^ken by the pyro- 
lysis IS definitely due to the catalyst 
The gaseous paraffins and olefines in the presence of 
mckel, cobalt, and iron are converted into carbon and 
hydrogen, and when the reaction temperature is not too 
high methane is also formed from any of the higher hydro- 
carbons Hydrocarbons formed intermediately in the 
course of the reaction are rapidly degraded to these end 
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products Finely divided nickel is the most active of these 
catalysts and has been found to convert propane into 
carbon and methane at 200° C [14, 1928] 

Paraffins (except methane) can be dehydrogenated to the 
corresponding olefines and hydrogen according to the 
reacuon 

H, 

by chromium oxide gel, activated charcoal, zinc chromium 
alloy, and certain other catalysts By means of chromium 
oxide catalyst, ethane, propane, /r-butane, and iso-butane 
have been dehydrogenated at atmospheric pressure and 
350" C and above to produce the correspondmg olefines 
plus hydrogen with little interference from side reaction, 
/i-butane producing all three of the isomeric butenes [13, 
1928] Below this temperature little dissociation is thermo- 
dynamically possible, but equilibrium for the hydro- 
genation-dehydrogenation reaction may be attaint at 
350-450“ C At 400" C and atmospheric pressure ethane, 
propane, w-butane, and iso-butane are dehydrogenated at 
cquihbnum to the extent of 1 2, 4 5, 8 5, and 9 5 % respec- 
tively The dissociation increases with temperature 

The catalytic decomposition of paraffins with fracture of 
the carbon chain to produce olefines and paraffins of lower 
molecular weight appears to be brought about by many 
substances, notably aluminium oxide and aluminium 
chloride, but concurrent homogeneous reaction has usually 
made it difficult to determine what role to ascribe to the 
catalyst Aluminium oxide also effects rearrangement of 
olefines 

Olefines can be induced to polymenze by means of cata- 
lysts at very low temperatures Aluminium chloride, boron 
fluoride, and fuller's earth bring about polymerization of 
propylene and the butylenes at ordinary temperatures and 
below Polymers of high molecular weight are formed 
and synthetic lubricating oils may be produced Under 
suitable conditions low molecular wei^t polymers of 
gasoline boiling-rangc may be the chief products At 
250-300" C phosphoric acid catalyst [29, 1935] and 
anhydrous silica impregnated with alumina [17, 1933] pro- 
duce polymers boilmg in the gasoline range The simple 
union of 2, 3, and more olefine molecules has been 
shown to predominate m some cases, but this is not 
always the only reaction taking place Polymer molecules 
of intermediate molecular weight may also result In the 
polymerization of propylene by silica impregnated with 
alumina. Gayer [17,1933] has reported the formation of 5, 
7, and 8 carbon-atom molecules as well as those of 6 and 9, 
which represent the dimer and trimer of propylene 

Dissociation of olefines into olefines of lower molecular 
weight has been effected catalytically Di-iso-butylene was 
dissociated into iso-butylene by fuller’s earth at 300° C 
[35, 1930], and with a catalyst of this type the equilibrium 
for the reaction iso-butylene di-iso-butylene can be 
approached from both sides 

At the present time the use of catalysts in pyrolytic 
reactions is under active investigation, and a clearer under- 
standing of the catalytic conversion of hydrocarbons can 
be expected to result 

Paraffin-Olefine Union 

The direct imion of olefines with paraffins to produce 
paraffins of higher molecular weight has been effected cata- 
lytically as well as thermally The union of iso-buUne and 
iso-butylene, for example, has been effected by a catalyst 
consistmg of boron fluoride and nickel, water bemg present. 
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Alunumum chloride is also an effective catalyst The 
reaction takes place at elevated pressures in the absence of 
a catalyst and occurs extensively in the thermal conversion 
under pressure of propane and butane into higher boiling 
hydrocarbons, the olefines formed by pyrolysis uniting with 
unreacted paraffin 

Applications of Pyrolysis 

Up to the Umc of the World War there was little incen- 
tive for applying industrially the pyrolysis of gaseous 
hydrocarbons The war created a demand for bcn2ene and 
toluene which brought about a study of their production 
by pyrolysis of oils as well as hydrocarbon gases Interest 
m benzene and toluene declined with the termination of the 
War, but the manufacture of chemical derivatives from 
hydrocarbon gases received an impetus from chemical 
warfare activities and has developed into an important and 
diversified industry Alcohols, ethers, acids, esters, resms, 
rubber-like materials, and many other products are made 
from light unsaturated hydrocarbons, sometimes produced 
by gas pyrolysis Carbon black, hydrogen, and benzol are 
product directly by pyrolysis 

During the past decade gas pyrolysis has engaged the 
interest of the petroleum industry, and developments within 
the mdustiy have stimulated research of a fundamental 
type, improved experimental technique has been brought 
to bear, and as a result a more mtimatc understandmg of 
the chemistry of pyrolysis has developed Of chief interest 
to the mdustry is the conversion of gases into gasoline and 
lubricating oils Refinery gases have been produced m 
increasing amount with a more extensive use of oil cracking, 
and crackmg-still gases together with natural gas constitute 
a raw material for conversion into gasoline 

Gasoline 

Methane is the most abundant of the gaseous hydro- 
carbons, but It is difficult to pyrolysc, and the higher 
paraffins and olefines have received most attention in the 
Umted States as a potential source of gasolme The con- 
version of methane has been studied extensively in Europe 
By pyrolysis a conversion into acetylene and ethylene can 
be effected which may be subsequently polymerized mto 
gasoline with the aid of a catalyst By interaction with 
steam, methane may be converted into oxides of carbon 
and hydrogen which can be converted catalytically by the 
method of Fischer and Tropsch into liquid and solid 
hydrocarbons [7, 1926] 

The olefines lend themselves most readily to conversion 
into gasoline because they polymerize directly under heat 
and pressure into normally hquid hydrocarbons boding m 
the gasoline range Pressures in excess of SOO lb per sq in 
are usually recommended Wagner [66, 1935] converts 
olefine-contaimng gases resulting from oil cracking by 
passmg the gases under pressure through a tube cod in 
which the temperature is raised, then passmg the gases 
through a reaction chamber m wluch polymerization takes 
place Heat is evolved and the reaction is controlled by 
extracting heat within the reaction chamber housing After 
the reaction the gasoline is separated from the effluents 
by fractionation and unconverted olefines may be returned 
to the tube cod Gasoline yields of 2 9 and 8 1 g p m 
(gallons per thousand cubic feet) are reported for gases 
containing 45 and 69 vol % olefines Many other process 
modifications have been desenbed for conducting the 
polymerization The reaction may be conducted m two 


or more steps with intermediate separation of polymers 
[8, 1932, 46, 1933-5], the reacUon heat may be extracted 
by indirect heat exchange [46, 1933-5, 68, 1934], or heat 
extraction may be avoided by a suitably low mlet tempera- 
ture of the hydrocarbons entermg the reaction zone [8, 
1932] 

With the aid of catalysts polymerization may be brought 
about at a lower temperature and pressure Ipatieff and 
Egloff [29, 1935] use a solid phosphoric acid catalyst for 
producing gasolme from cracking-still gases A tempera- 
ture of 245“ C (473° F ) and a pressure of 160 lb per sq 
in are used Polymer yields of 3 8 and 8 4 g p m were 
obtained from two gases whose propylene plus butylene 
content was 27 and 37 5 vol % respectively 80-90 % of 
the polymer boiled m the gasoline range Many catalysts 
for the reaction have been menuoned m patent literature 

Yields of gasolme from the poIymerizaUon of olefines are 
high The gasolme formed, after treating, is satisfactory 
with respect to gum formation and colour and has a high- 
blendmg octane number when incorporated m an average 
refinery gasoline 

The paraffin hydrocarbons, ethane, propane, and the 
butanes, have been converted into gasoline by pyrolysmg 
to produce simple olefines which may then be polymerized 
to gasoline 

The conversion may be effected m a single reaction step 
by heating to a cracking temperature at an elevated pres- 
sure Youker [72, 1931] employs a pressure above 500 lb 
per sq in The effluents from the reaction are subjected to 
fractional distillation Gasoline is separated from the pro- 
ducts, light gases are released, and normally gaseous hydro- 
carbons of intermediate molecular weight arc returned to 
the reaction step Gasoline yields of 50% by weight may 
be obtained from butane with such rccyclmg 

The decomposing and polymerizing steps may be con- 
ducted separately under conditions appropriate for each 
and a catalyst may be used m either step Many modifica- 
tions of a process of this type have been described 

To obtain high yields of simple olefines, the decomposing 
step IS preferably conducted at a high temperature and low 
pressure Sullivan era/ [62, 1934] crack hydrocarbon gases, 
other than methane, at temperatures of 760-870° C 
(1,400-1,598" F ) and pressures under 200 lb per sq in 
Wagner [68, 1934] prefers to crack natural gas at 1 ,250- 
1,350° F and 30 lb per sq m , separating therefrom aro- 
matic oils formed, and then polymerizing in a tube coil at 
500-950° F and 1,000 lb per sq m pressure Gasoline 
yields of 50% or more of the propane-butane fraction of 
natural gas are obtained 

Hydrogen is produced in the cracking step, and may 
cause a reduction m gasoline yield m subsequent pressure 
polymerizing Frolich removes the hydrogen by causing 
It to reduce copper oxide [15, 1932] A gasoline yield of 
4 26 g p m was obtained from propane by cracking at 
800° C, adding 15% oxygen and passing over copper at 
400° C to remove hydrogen, and polymerizing at 525° C. 
and 600 lb per sq m The yield of gasoline can be mcreased 
by using for the decomposition step a catalyst which effects 
dehydrogenation for converting paraffins mto olefines, 
thereby decreasmg the amount of hydrocarbon which is 
lost m the form of methane and ethane m simple un- 
catalysed crackmg [16, 1934], By separatmg the products 
of cracking and polymenzmg mto several fractions, those 
nch m olefines and m paraffins can be led to the polymenz- 
mg and cracking operations respectively [46, 1933-5], 

Olefines produced by crackmg paraf^ may be concen- 
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trated pnor to the polymerizing step Reid [49, 1933] 
eliminates hydrogen, methane, and undesirable high- 
boilmg compounds by fractional distillation Plummer 
[46, 1933-5] prepares a high olehne charging stock by 
selectively extracting the olefines at 500-3,000 lb per sq in 
with the polymer liquid formed in the process 

Since the conversion of gaseous hydrocarbons into 
gasoline involves synthesis reactions and the hydrocarbons 
which may form the starting-point are limited in number. 

It IS possible to synthesize or build up a variety of motor 
fuels of special characteristics Iso-octane is an interesting 
example It is particularly suitable for use under the condi- 
tions existing in an aviation engine and gives a high power 
output in an engme of suitable design [71, 1935] It can be 
prepared by polymerizing iso-butylene, which occurs in 
cracking-still gases, to di-iso-butylene and hydrogenating 
the latter to the corresponding paraffin, 2,2,4-trimethyl- 
pentane or iso-octane Iso-octane is being manufactured 
for aviation use at the present time By hydrogenating 
polymer gasoline motor fuels of paraffinic characteristics 
and high anti-knock rating can be produced 

Olefines and Diolefines 

As a starting-point for the preparation of chemical 
derivatives the olefines, particularly ethylene, have been of 
first importance Cracking-still gases constitute a source 
of olefines, and ethane, propane, and the butanes can be 
pyrolysed to produce olefines under conditions which have 
bran described Brooks [1, 1928] has stated that 'The 
cracking of butane is carried out industrially for the pro- 
duction of ethylene and propylene, which are used for the 
manufacture of somewhat more than 30 tons per day of 
the corresponding glycols and related compounds ’ Both the 
use of catalysts to produce olefines from paraffins and the 
use of favourable conditions for the non-catalytic pyrolysis 
have been considered Propane and butane yield chiefly 
ethylene when cracking is sufficiently drastic to decompose 
most of the higher olefines initially formed Baffles which 
improve turbulence m the heating tube increase the conver- 
sion [3, 1933-4] For the surfaces in contact with the gas, 
silicon, chromium, lugh chromium alloy, tin, copper, and 
other matenals have been recommended to minimize car- 
bon formation due to catalytic action 
Olefines can be produced in a concentrated state from the 
products of cracking by selective absorption, fractional 
distillaUon, or through the formation of dissociable cheim- 
cal complexes Chemical methods of purification can be 
used Ethylene has been concentrated by selective removal of 
the higher olefines with sulphuric acid of suitable strength, 
and sulphuric acid has been used to remove iso-butylene 
from a butylene mixture Diolefines can be removed by 
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leacuon with cuprous chlonde, sulphur dioxide, and other 
reagents 

Diolefines can be converted into rubber-like or resmous 
polymers Their production by hydrocarbon pyrolysis 
calls for the use of conditions somewhat less drastic than 
those necessary for the optimum conversion into aromatics, 
and low pressures which discourage their polymerization 
have been recommended Both chemical and physical 
methods of concentrating and purifying diolefines have been 
described 

Benzene and Toluene. 

The simple pyrolysis of gases at atmospheric and some- 
what higher pressures to produce benzene and toluene 
represents the most direct type of conversion, and nearly 
all processes proposed arc essentially various ways of 
conducting this pyrolysis which has been previously de- 
scribed The yield of benzene and toluene increases with 
molecular weight of the paraffin converted, methane yield- 
ing about 0 30 gal per thousand cubic feet, and butane 
about 3 0 by a once-through pyrolyuc treatment Methane 
requires temperature somewhat above 950° C, and the 
hi^er paraffins and the olefines 700 to 950° C , for optimum 
conversion The weight per cent yields obtainable from 
the olefines are somewhat greater than those from butane 
Aromatic tar is always produced at the same time, usually 
in quantity of 50% or more of the light oils Toluene 
accompanied by low molecular weight polymers may be 
produced by pressure polymerization at 700° C [66, 1935] 

The pyrolysis applied to gaseous hydrocarbons not pre- 
dominantly methane may be carrned out in a tube coil 
[47, 1930] The gas may be heated and subsequently 
pyrolysed in externally heated tubes [4, 1927, 1931-2, 
1934] Preheated gases or products of combustion may be 
mixed with the gas prior to conversion to supply heat [19, 
1932,20, 1932] Steam may be added [30, 1934] The gas 
may be decomposed to a maximum unsaturateds content 
and passed mto an unheated reaction chamber wherein the 
oil-forming reactions take place [9, 1932] The pyrolysis 
may be conducted intermittently by alternately heating 
a refractory-filled chamber by products of combustion and 
passing through the chamber the gas to be pyrolysed [48, 
1930] The flow rate of the gas may be reduced as the 
temperature falls durmg the cracking cycle 

Hydrogen decreases the yield of oils and may be removed 
from pyrolysed gases pnor to further thermal treatment 
[69, 1928] The yield may also be increased by pyrolysing 
m two or more stages, separating oils after each stage [42, 
1932] Gaseous olefines produced with the aromatic oils 
may be recycled The use of many catalytic matenals has 
been proposed Their effectiveness is necessarily hmited 
when carbon deposition takes place 
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cally heated silica bulbs at atmosphenc pressure, and as 


As a prelumnary to the detailed consideration of the vanous 
pyrolysis and polymerization processes now in operation or 
in a stage of advanced development, it is necessary to con- 
sider the chemistry of the reactions mvolved Compre- 
hensive reviews on this subject are available, such as those 
prepared by Lomax, Dunstan, and Thole [42, 1917] — which 
covers the work published between 1809 and 1915, and by 
Egloff, Schaad, and Lowry [13, 1930-1], which deals with 
information made available over the same penod and up to 
1930 Further more recent reviews have b^n presented by 
Egloff and Wilson [14, 1935], Dunstan [9, 1936], Lawrence 
[38, 1935], Hague and Wheeler [24, 1929], and Travers 
[72. 1935] 

The earlier investigations were very incomplete, whereas 
recently considerable work has been carried out in much 
detail There were many early investigators [49, 1792-1915] 
who were hampered by the lack of equipment which is at 
the disposal of the chemist of to-day, particularly analytical 
fractionating columns, improved analytical apparatus, and 
new materials for apparatus, by means of which it is now 
possible to obtain more complete data In considering the 
reported results, more consideration must be given to those 
completed in the last few years, because of the more accu- 
rate nature of the work involved 

Much confusion has been caused in this field of scientific 
investigation by the publication of many apparently con- 
tradictory results, the error in which lay in a lack of com- 
plete understanding of the interdependence of the lar^ 
number of variables involved One of the most difficult 
features in making a critical study is the correlation of 
data under different reaction temperatures and different 
contact tunes The effect of time of reaction is largely re- 
sponsible not only for the observed extent of decomposi- 
tion, but also for the character of the products obtained 
Unfortunately, this fact was not realized as being of more 
than minor importance until a few years ago In the ther- 
mal reactions of gaseous hydrocarbons it appears to be a 
fact that they are all unstable with respect to their elements 
Although the ulUmate products of decomposition are in 
each case carbon and hydrogen, it is the mechanism of the 
reactions mvolved which is of theoretical mterest, whereby, 
as the reaction progresses, many more stable products are 
contmuously bemg form^ from less stable ones Since 
eadi mvestigator has been mterested in, at most, only a 
few of the particular stages of this process, contradictoiy 
results have been obtamed because of the large number of 
variables involved It is therefore necessary, in cortelaung 
the results of vanous mvestigators, to pay full attention to 
the effects of such variables 

Hie Hwniial ReactioiiB of the Gaseous Paraffins 

The differences m behaviour of the mdividual paraffin 
hydrocarbons towards heat have been studied to some 
degree, but not intensively. Hague and Wheeler [24, 1929] 
found that among the normal members of the senes, from 
methane to hexane, the stabihty decreased with mcreasuig 
molecular weight, and gave the foUowuig decomposibon 
temperatures as obtained m static expenments m electn- 


indicated by the first evidence of pressure mcrease 
Methane 683° C 

Ethane 485° C 

Propane 460° C 

n-Butane 435° C 

Bone and Coward [4, 1908] also found that methane is 
more stable than ethane, while Francis [17, 1928] con- 
cluded, on thermodynamic grounds, that ‘only the paraffins 
and the higher olefines have any thermodynamic stabihty 
whatever, and above 260° C , methane is the only stable 
hydrocarbon’ Similarly it has been calculated, on the basis 
of the Nemst heat theorem, that methane should be the 
most stable of the paraffin series [76, 1907] 

Methane. 

Since methane is the simplest of the paraffin hydrocar- 
bons and the one which is available commercially in largest 
amount, it is not surprismg that the thermal reactions of 
this hydrocarbon have been the subject of more thorough 
study than has the breakdown of any other member of the 
paraffin series On the other hand, due to the relative 
stabihty of methane and the high temperatures necessary 
for its degradation, very little advance has been made com- 
mercially in the production of liquid hydrocarbons from 
methane by pyrolysis processes 
The temperature at which methane starts to decompose 
on heating vanes with the experunental conditions In con- 
tact with substances possessmg httle or no catalytic action, 
methane has been reported to undergo change at between 
650 and 700° C Catalysts markedly reduce this tempera- 
ture In the presence of palladium, decomposition occurs 
at 250° C , with nickel at 320° C , and with iron at 350° C 
The decomposition of methane into carbon and hydro- 
gen IS an equihbnum reaction, 90% conversion bemg 
realized at 750° C and 50% conversion at 525° C Except 
in the presence of catalysts which favour this decomposi- 
Uon to the elements, however, breakdown is accompamed 
by the formation of hydrocarbons of higher molecular 
weight These products mclude ethane and the olefines pro- 
pylene and ethylene, along with butadiene and acetylene 
By careful regulation of the conditions of pyrolysis— i e 
temperature, catalysts, time of heating, &c — small amounts 
of aromauc hydrocarbons are also produced, such as 
benzene, toluene, xylene, naphthalene, and anthracene 
The present considerations of the thermal reactions of 
methane may be divided mto two points 

(а) Studies of the methane-carbon-hydrogen equihbnum, 
and mvestigations earned out on the production of 
carbon and hydrogen 

(б) Work done on the production of higjher hydrocarbons 
—both gaseous and hquid. 

The Mefimne Equilibrium. The decomposition of 
methane into its elements accordmg to the equation 
CH. <*C+2H. 

IS a reversible, true equihbnum reaction Hus was first 
demonstrated by Mayer and Altmayer [46, 1907, 1909], 
who investigated the equihbnum from both directions at 
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atmospheric pressure and at varying temperatures, with 
nickel, cobalt, and iron as catalysts Their equilibrium 
values were as follows 

Table 1 

Methane Equilibrium {Mover and Altmayer) 


Tem p , ° C CH,", 


300 I 96 90 

400 I 86 16 
500 I 62 S3 

600 I 31 68 

650 I 19 03 

700 i 1107 
750 I 6 08 

800 , 4 41 

850 I 1 59 


H.% 
3 10 
13 84 
37 47 
68 32 
80 97 
88 93 
93 92 
95 59 
98 41 


This reaction, being endothermic, is favoured by the use 
of high temperatures 

During 1910-12 Pnng and Fairlie [56] investigated the 
synthesis of methane from its elements and found that the 
veloaty of formation of methane increased at elevated 
pressures when carbon was used in a compact state, 
either with or without a catalyst, and that equihbnum 
conditions vwre reached in about 2 hours at 1 ,200- 1 ,300° C 
under 3O-S0 atm pressure All experiments at 10-200 atm 
gave the same values for the equihbnum constant at the 
same temperature, when the same modification of carbon 
was used At atmosphenc pressure the amount of methane 
in equihbnum with hydrogen and graphite was 0 24% at 
1,200° C and 0 07% at 1,500° C For amorphous carbon 
‘metastable equihbnum’ values of 0 36% methane at 
1,200° C and 0 21 % at 1,500° C were obtained, but these 
were less definite than those for graphite due to the gradual 
change of amorphous carbon to graphite at the tempera- 
tures employed 

Cantelo [5, 1924] mvesbgated the methane equihbnum 
in 1924-6 along lines previously employed by Mayer and 
Altmayer Using the Nemst approximation formula, Can- 
telo calculated the equihbnum constant, X„, and the 
equihbnum concentraUons of hydrogen and methane, and 
obtained the following figures 

Table II 

Methane Equilibrium Calculated Values of Equilibrium 
Constant and Equilibrium Concentrations (Cantelo) 


Tenqi 

°c 1 


Methane \ Hydrogen 

% . % 

600 1 

otyn 

69 

93 1 

650 

0 039 

35 

1 96 5 

700 

0 021 

20 

' 98 0 

750 1 

0012 

10 

1 990 

800 1 

0007 

05 

995 

850 

0-003 

0^4 

, 996 

900 ' 

0003 

04 

1 996 

1,000 1 

00015 

02 

1 998 


Cantelo failed to realize these values expenmentally 
About the same time (1924), Saunders [61] developed the 
following equations for the methane equihbnum from the 
Nemst heat theorem, and demonstrated that the results cal- 
culated from these equations agreed with the experimental 
data of Mayer and Altmayer, and of Pnng and Fairhe 
4 538 

1 log Kp = --- - 1 75 log T-f 0 000630r-0 7 

* (For amorphous carbon ) 

2 log Kp = - 1 75 log r+0 000630r-0 7. 

•* (For graphite ) 


The dissocution equihbnum of methane at atmospheric 
pressure and at temperatures between 480 and 680° C was 
exanuned by Scheffer, Dokkum, and A1 [63, 1926], by circu- 
lating methane and hydrogen separately through a heated 
porcelain tube containing a layer of asbestos impregnated 
with nickel and covered with active carbon by a prelimi- 
nary decomposition of methane or ethylene The results 
obtained, when plotted, did not conform to the equation 
developed by Scheffer [62, 1913, 1916], and indicated, not 
only the expected dissociation, but also a second equih- 
bnum previously unknown The Scheffer equation is 

log/rp= - — +R', 

in which A' represents heat of reaction and is a constant 
nearly equal to the entropy at unit partial pressure Schef- 
fer postulated that the second equilibrium involved the 
formation of a mckel carbide capable of combining with 
hydrogen to produce methane They thus assumed two 
simultaneous reacuons 

C+2H, - 08,4 18 8 cal (constant pressure) 
and Ni,C+2H, ^ atNi + CH 4 H 11 4 cal (constant pressure) 
Experimental data supporting these equations were sum- 
manzed by the equations 

4108 

1 Methane equilibrium log AT,, — ^ — 4 924 

2492 

2 Carbide equilibrium logATj,- ^ —2 589 

Nickel carbide was found to be stable up to 420° C On the 
basts of these equations, calculation of the degree of disso- 
ciation of methane at atmospheric pressure in the presence 
of nickel gave the values reproduced in Table III Methane 
decomposition in the presence of iron was studied by 
Schenck, Krageloh, Eisenstecken, and Klas [64, 1926-7] at 
temperatures ranging from 300 to 900' C , and the follow- 
ing reactions investigated 

(1) CH. - C ) 2H. 

(2) CH. t 3Fe - F6,C ( 2H, 

Table III 

Methane Equilibrium in the Presence of Nickel 

(Scheffer, Dokkum, and Al) 

C t-2H, CH, 

Conceniraliom calculated from equations for Kp 


Temp 



Temp 




•c 

H,% 

CH4% 

“C 


H.% 

CH,% 

350* 

13 6 

86 4 

700 


85 5 

14 5 


226 

77 4 

800* 

93 0 

70 

450 

34 0 

660 

900* 

96 5 

35 

500 

466 

53 4 

1,000* 

98 1 

1 9 

550 

59 2 

408 

1,100 


899 

1 1 

600 

70 2 

29 8 

1,200* 

993 

07 

650 

79 0 

21-0 



_J 




Extrapolated value 




Ni.C+2H, 

^xNi + CH. 


Temp 



Temp 




-c 

H,% 

CH.% 

-c 


H.% 

CH4% 

350 

179 

821 

550 


448 

552 

400 

242 

75 8 

600 


51 3 

487 

450 

309 

691 

650 


57-4 

42 6 

500 

37 9 

621 






To faohtate reaction the non was deposited on porous 
pieces of punuoe. The non carbide was prepared by the 
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action of methane on iron at 700° C The progress of the 
reactions was followed by measurement of pressure dif- 
ference developed m the reaction tube at different tem- 
peratures In the presence of iron at 302° C no methane was 
decomposed At 350° C about 1 % by volume of methane 
was decomposed, and iron carbide could be detected, 
at 445° C the decomposition amounted to about 4 4% by 
volume The fact that the same proportions of hydrogen 
and methane were obtained by passing pure hydrogen over 
iron carbide, as were formed when methane was passed 
over iron, proved the existence of a true equilibrium in the 
second reaction The percentages of methane decomposed, 
according to these two reactions, are included in the data 


Investigations carried out with the Prime Object of pro- 
ducing Carbon and Hydrogen from Methane. Becauseofthe 
small yields of carbon black, usually not over 2 lb per 1,000 
cu ft , obtained in the usual method of manufacture by the 
incomplete combustion of natural gas, investigators have 
studied the thermal decomposition of this gas, and of pure 
methane, in the hopes of getting increased yields of carbon 
At the same time the great increase in recent years in the 
demand for hydrogen, due to the success achieved in the 
high-pressure synthesis of ammonia and methanol and m 
the destrucUve hydrogenation of coal and oils, has been 
a further incentive to study the decomposition of methane 
into Its elements 



given in Fig 1 Schenck, Krageloh, and Eisenstecken [65, 
1927] mvestigated the methane-hydrogen equihbnum in 
the presence of cobalt over the temperature range 310 to 
740° C At low temperatures a secondary equilibrium involv- 
ing cobalt carbide was found, but above 680° C this reac- 
tion was no longer encountered The data obtained are 
plotted in Fig 1 

In the absence of catalysts some investigators have found 
the methane equilibrium difficult, if not impossible, to 
obtain Holliday and Exell [25, 1929] observed that the 
decomposition of methane in silica and porcelain bulbs at 
temperatures between 900 and 1 ,200° C is at first rapid, but 
later becomes so strongly retarded that, for all practical 
purposes, a condition of false equihbnum, far removed 
from the theoretical, is set up These workers suggested 
that the retardation of the decomposition of methane 'is 
almost certainly due to the preferential absorption of 
methane by silica, which finally protects the surface so 
efficiently that furUier decomposition of methane is practi- 
cally prevented’ At 900° C , in the presence of a nickel 
catalyst, no retardation took place Only 3 % of methane 
remamed after 18 minutes’ heating, showmg that under 
these conditions equihbnum was rapidly approached 

In Fig 2 are summarized the values for the methane 
equihbnum obtained by the vanous worken mentioned 
above The agreement is seen to be good 


With regard to carbon production, it is theoretically 
possible to produce from methane 75% by weight of 
carbon or 31 6 lb per 1,000 cu ft (measured at N T P ), 
but these yields are not obtained in practice, due to side 
reactions leading to the production of higher hydrocarbons 
Yields as high as 1 3 5 lb per 1 ,000 cu ft of natural gas have 
been reported, while a commercial process (Thermatomic) 
produces 7 lb per 1,000 ft when handhng a natural gas 
containing 94% methane Yield is not the only considera- 
tion in this type of process, however, as carbon blacks vary 
greatly in quality High temperatures, in general, cause the 
production of hard, graphitic carbon of low value, while 
that produced at low temperatures is far supenor To 
lower the temperature of decomposition, as well as to 
direct the reaction towards carbon and hydrogen, instead 
of towards the production of higher hydrocarbons, cata- 
lysts have been employed in most of the experimental 
studies made, a detailed account of which is given by Egloff 
and his associates [13, 1930-2] 

The Thmnatondc Process Undoubtedly, the most im- 
portant of the methods developed for making carbon black 
by thermal decomposition is the so-called Thermatomic 
process [60, 1935], the basic ideas of which have been de- 
senbed by Brownlee and Uhlmger in a senes of patents [74] 
The process consists in heating a furnace, lined with refhio- 
toiy bnck and filled with chequer bnck, to incandescence by 
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an upward blast of natural gas and air, shutting off the air 
and allowmg the natural gas (admitted from the top at this 
stage) to decompose The heating and crackmg processes 
are earned out alternately Approxunately two-thirds of 
the total quantity of carbon black product is formed by 
nnpingnnent agamst the refractory nuitenal, or comes mto 
contact with it after formabon Such carbon is valueless 
commercially and is left in the furnace to be consumed in 
the next air blow It has been stated [75] that the most 
desirable operating temperature for the decomposibon 
reacbon is 1 ,200-1 ,400“ C , and the mixture of hydrocarbon 
and resulting gases, together with the carbon produced, is 


size to about one-fifth that of ‘Thermax’ Typical proper- 
bes of these two carbons are as follows [60, 1935] 


Specific gravity 
Apparent gravity (kg /in ■> 
Tinting strength* 

Average particle size 

Moisture 

Ash 

Benzene extract 


'Thermax' 

'J> 33' 

1 80 

1 80 

481 5 

3561 

14% 

50% 

1 0 micron 

0 23 micron 

0 2S% 

0 25% 

0 05% 

015% 

0 60% 

125% 


* As compared with Cabot s channel black 



subjected to these temperatures for a period of 3-4 sec 
only 

On issumg rapidly from the furnace, the mixture of gases 
and carbon is pas^ through a cooling chamber, where 
just enough water is sprayed counter-current to the gas 
stream to cool it to a safe temperature for filtermg through 
cloth bags without leavmg an excess to wet either the bags 
or the carbon Analyses of the natural gas treated and the 
resultant gas have been given as follows [60, 1935] 


Carbon dioxide 
lUuminants 
Hydrogen 
Carbon monoxide 


Nitrogen 


Natural gas ' Resultant gas 


The process has been produemg the carbon called ‘Ther- 
max’ smee 1922 Another brand, called ‘P 33’, which is 
blaclmr and finer than ‘Thermax’ and was put on the 
market later, is made in the same way as ’Thermax’, except 
that a poition of the resuibng gas is recirculated and acts 
as a diluent for the decomposing natural gas This dilubon 
principle is so effective (hat it reduces the average parbcle 


The Production of Higher Hydrocarbons firtHn Methane. 
It has already been mentioned that, by appropriate choice 
of temperature and reaction bme condibons, it is possible 
to convert methane partly into higher hydrocarbons rang- 
ing from ethane to naphthalene and anthracene Among 
the gaseous hydrocarbons formed are the olefines ethy- 
lene and propylene, and also butadiene Acetylene is also 
an unportant reaction product, but this is formed mainly 
at high temperatures — such as those existing in the electric 
arc 

In a number of pubhcations which appeared dunng the 
penod 1862-9 Berthelot [2] reported that decomposibon of 
methane in sealed glass tubes yielded propylene, benzene, 
and naphthalene, although most of the methane remained 
undecomposed In 1892 Lewes [41] observed the formabon 
of acetylene, some benzene, and other unsaturated hydro- 
carbons from methane by heabng m a plabnum tube at 
1,000“ C, and concluded, with Berthelot Ooc cit ), that ben- 
zene was formed by the polymerization of acetylene. 

During the last few years the mvesbgabon of the conver- 
sion of methane mto higlwr hydrocarbons, particularly 
aromabc hydrocarbons, has been particularly acbve 
Studies have been made independently in England, Umted 
States, and Germany 

In 1927 Williamson [83, 1928] menboned that valuable 
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liquid hydrocarbons, particularly benzene, were being pro- 
duced in a seim-conunercial plant of the Anglo-Iranian Oil 
Company, and mentioned yields of 0 22 imp gal of benzene 
perl,000cu ft ofgascontaimng80%methane Atthesame 
tune Fischer [16, 1928] was also mvestigatmg the produc- 
tion of higher hydrocarbons from methane in an endeavour 
to mcrease the small yields reported by previous workers 
Expenments m 16-mm diameter porcelain tubes at tem- 
peratures between 900 and 1,150“ C on a gas containing 
93 % methane and 1 8 % higher hydrocarbons showed that, 
under these conditions, heavier gaseous hydrocarbons and 
oils could be produced m small yield if the time of reaction 
was sufiiaently low to prevent the formation of carbon and 
hydrogen Fischer also used quartz capillary heating tubes 
of 3 mm I D , and he proved that at 1 , 1 30° C quartz does 
not accelerate the d^mposition of methane into its 
elements With these tubes the yield of light oil and tar 
reached 12% by weight of the methane treated 

With the intention of keeping the reaction temperature 
as low as possible and so reduce carbon production, 
Fischer also mvestigated the influence of different catalysts 
Thm iron and molybdenum wires within small porcelain 
tubes had no effect Caustic soda in an iron boat in the 
reaction tube at 1,000° C produced a gas containing 56% 
hydrogen, and large quantities of carbon were found, but 
no oil or tar If the methane was diluted with carbon 
monoxide, carbon dioxide, or mtrogen, the temperature 
required for the same degree of decomposition was higher 
than that necessary when the undiluted methane was used 
Fischer exammed the oils formed from methane in some 
detail and found that the fraction of the light oil boiling up 
to 55° C (7 8%) consisted mainly of unsaturated hydro- 
carbons A second fraction, b p 55-85° C , was largely ben- 
zene, while toluene, xylenes, naphthalene, and anthracene 
were identified in the higher boiling fractions The treated 
gas contamed acetylene besides hydrogen and unreacted 
methane 

According to Fischer, his experiments ‘confirmed the 
supposition that for the production of higher hydro- 
carbons by the thermal decomposiUon of methane, the 
duration of the heating is of just as great importance as 
the temperature If the duration of heating exceeds 60 
seconds, there is usually tunc enough to separate all the 
hydrogen from the methane molecule ’ Fischer also found 
that the use of catalysts is not desirable if carbon deposition 
IS to be prevented 

Wheeler [79, 1928] claimed priority over Fischer in the 
production of higher hydrocarbons, particularly aromatics, 
by the thermal treatment of methane 

Static expenments in which methane imtially at 400 mm 
pressure was heated at various temperatures m a small 
quartz bulb showed that the uutial decomposition point of 
the gas was between 650 and 685° C Pressure changes m 
the reaction bulb at 700°, 800°, and 900°, mdicated an ab- 
normally rapid rate of decomposition during the first 10 
mmutes, followed by a period of nearly constant speed 

Expenments in which methane was circulated m a 
closed system through a glass tube at 900 and 950° C , and 
the course of decomposition followed by pressure changes, 
gave time-pressure curves siimlar to those dunng the static 
experiments At 950° C hquid products were formed 
dunng the first few nunutes of heating, and later, crystals 
of napthalene were deposited m the cooled condensers 

Liquid hydrocarbons were formed dunng the passage of 
methane at rates of 2 to 60 htres per hour through a quartz 
tube 130 cm X 3 cm held at temperatures higher than 


875° C Benzene was an unportant product of pyrolysis 
between 875 and 1,100° C By bromination the gaseous 
products of combustion at 950° C were shown to contam 
ethylene and butadiene The liquids of higher boilmg- 
pomt contained naphthalene and anthracene The opu- 
mum temperature for the production of benzene was 
1,050° C under the conditions employed Dilution of the 
methane with mtrogen had only a shght effect on the yield 
of aromatic hydrocarbons at 1,000° C , but the yields were 
decreased by the presence of hydrogen in the gas entering 
the reacuon tube 

Stanley and Nash [68, 1929] have also published valuable 
data on the production of higher hydrocarbons from meth- 
ane These mvestigators found that at any given tempera- 
ture the proportion of methane converted into higher 
hydrocarbons increased rapidly to a maximum with in- 
creasing gas rate As the gas rate was further mcreased 
there was a decrease in the production of higher hydro- 
carbons, at first rapid and later more gradual An increase 
in the temperature caused an increase in the gas veloaty at 
which the maximum production of hydrocarbons occurred 
The ratio of the acetylene/ethylene content of the exit gas 
increased with increase in gas velocity for a given reaction 
temperature, reached a maximum (which appeared to 
coincide with the condiuons for the maximum yield of hght 
oil and tar), and then decreased rapidly Accumulation of 
carbon m the reaction tube caused a decrease in the yield of 
higher hydrocarbons The best yields of higher hydrocar- 
bons were obtained at 1,150° C , with a heating period of 
0 6 sec Under these conditions the yield of light oil and tar 
was 11 % calculated on the methane used, whilst the quan- 
tities of acetylene and ethylene m the reaction gas corre- 
sponded with a total conversion of methane into these gases 
of 8 8 % Thus the total conversion of methane into higher 
hydrocarbons was nearly 20 % of the theoretical, while only 
about 6 % of the methane was decomposed mto its elements 
The yield of light oil was 4 8 % or 0 2 gal per 1,000 cu ft 
of methane treated 

Similar results have been obtained by Hague and 
Wheeler [24, 1929], Vysoky [77, 1929], and Chamberlm and 
Bloom [6, 1929] 

A detailed account of work carried out by the United 
States Bureau of Mines on the production of motor fuels by 
the pyrolysis of methane has been pubhshed by Snuth, 
Grandone, and Rail [67, 1931] 

Mechanism of Higher Hydrocarbon Production lirom 
Methane by Pyrolysis. Considerable doubt is mvolved 
in defuutely estabhshing whether, in the decomposition of 
methane, a hydrogen atom or a hydrogen molecule sphts 
off in the pnmary step, and a deasion on the exact mechan- 
ism of breakdown must await further evidence Kassel 
[35, 1932] has suggested that a molecule of hydrogen sphts 
oif, and the methylene radical formed unites with a metWe 
molecule to give ethane The whole kinetics of the methane 
decomposition was accounted for by the further decomposi- 
tion into ethylene, acetylene, carbon, and hydrogen 

Kassel Rice 

CH,-+CH,4H, CH,-^CH,+H 

CH,+CH4-*C.H, H + CH,-^CH,+H, 

C,H,-»2C+H, 

On the other hand. Rice and Dooley [59, 1934] ootamed 
only di-methyl-tellunum m the Paneth expenments with 
methane at 1,150-1,200° C , and therefore favoured the 
pnmary decomposition into a hydrogen atom and a methyl 
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radical In these expenments atomic hydrogen was not 
identified, and Rice concluded therefore that the atomic 
hydrogen umted with another hydrogen atom on the walls 
of the reaction bulb, or with a methane molecule to give 
molecular hydrogen and a methyl radical Assuming a 
chain mechanism due to methyl radicals, Kassel [36, 193S] 
has shown by calculation that, with the assumptions made 
by Rice, the concentration of the hydrogen atom must be 
greater than 10* times the concentration of methyl radicals, 
and It does not seem possible that such a factor could be 
overcome by a wall recombination of atomic hydrogen 
This calculabon is further negative evidence agamst the 
primary decomposition of methane into a methyl radical 
and atomic hydrogen Furthermore, since the methylene 
radical was not identified over the same temperature range 
in the decomposition of diazomethanc where the concentra- 
tion of methane must be lower than in the decomposition 
of methane, and therefore the concentration of methylene 
radicals higher, it does not follow that the methylene should 
be identified in the decomposition of methane At these 
high temperatures the rate of reaction of methylene radicals 
and methane may be so much greater than the rate of 
reaction for methylene radicals and tellurium that the latter 
does not occur Whatever the primary mechanism of the 
decomposition of methane may be, ethane, ethylene, and 
acetylene are important secondary products 

The mechamsm suggested by Kassel accounts satis- 
factorily for the results obtained by Storch [69, 1932] on the 
decomposiUon of methane by carbon filaments The latter 
observed ethane to be the earliest product of the decom- 
position From the decomposition in a carbon filament 
lamp immersed in liquid nitrogen as much as 95% of the 
theoretical yield of ethane was obtained 

Ethane. 

As already stated, ethane occupies a position between 
methane and propane with regard to ease of thermal break- 
down, and in the absence of catalysts it starts to decompose 
at about 485° C , although the reaction is not appreciable 
below 650° C Until temperatures several hundred degrees 
above the mitial decomposiUon temperature are reached, 
the major reaction involved is dehydrogenation to ethylene 
and hydrogen — although reactions resulting in the pro- 
duction of carbon, methane, acetylene, and aromatic hydro- 
carbons take place to small extents 

Berthelot [2, 1862-1901] considered that ethane on de- 
composiUon gave either ethylene and hydrogen, or acety- 
lene. methane, and hydrogen as follows 

2C,H,-*2CH,-tC,H,l H, 

The first comprehensive work was that of Bone and Coward 
[4, 1908] who obtained evidence of the reacUons — 

C,H, -* C+CH,-4 H, 

On contmued heating large proporUons of methane were 
produced, and to explain this Bone and Coward assumed 
the existence of labile residues, =CH, =CH„ and — CH, 
‘These residues, which can only have a very fugiUve 
separate existence, may subsequently either (a) form 
HiC=CH» and as the result of encounters with 

similar residues, or (A) break down duectly into carbon and 
hydrogen, or (c) be directly hydrogemsed to methane m an 
atmosphere already nch m hydrogen ’ 

It must be noted, however, that the accumulation of 
methane and hydrogen in the reaction is to be expected 
from thermodynamic considerations only, since the decom- 


position of all hydrocarbons should ultimately resolve 
itself into the methane equihbnum CH4 ->> C+2H( At 
800° C and 1 minute heaUng period. Bone and Coward 
obtained from methane a gas of the composition C|H| 1 9 %, 
C,H4 11 2%, C,H4 17 9%, CH4 31 3%, and H, 37 7% 
After 1 hour's heating only methane (63 8%) and hydro- 
gen (36 3 %) were found m the system 
The dehydrogenation of ethane to ethylene is an equili- 
bnum reaction which has been invesUgaW experimentally 
by Pease and Durgan [55, 1928], and by Frey and Huppke 
[21, 1933] It IS ncccssaiy to point out, however, that 
although ethane does resolve itself into hydrogen and 
ethylene at temperatures above 550° C , and the reverse 
reaction takes place at lower temperatures, this reaction 
nevertheless, is not a true equilibrium, because if ethane is 
heated for long periods at which dehydrogenation takes 
place, the system will ultimately resolve itself into the well- 
known methane equilibrium That this is true of most of 
the thermal reactions of hydrocarbons at their cracking 
temperatures was demonstrated theoretically and practi- 
cally by Cantclo and others The equilibrium between 
ethane, ethylene, and hydrogen above S50-6(X)° C is an 
example of an instantaneous equilibrium, and Pease and 
Durgan found that their results were to some extent ob- 
scured, especially at 7(X)° C , by the formation of methane 
Pease and Durgan investigated the equilibrium in the 
absence of catalysts, whereas Frey and Huppke made use of 
a chromic oxide gel catalyst and obtained values for the 
equilibrium constant at temperatures lower (450-500° C ) 
than Pease and Durgan The last named investigators 
found that the values of the equilibrium constant 

(C,H4)(H4) 

(C.H.) 

(concentrations being in atmospheres), were as follows 
600” C 00310 

650” C 0 082 

700” C 0 20 

whereas Frey and Huppke gave the following figures 
400'C OOOOlS 

450" C 0 00076 

500 C 0 0032 

These values give a straight-hne plot of log A against 
IjT and show satisfactory agreement The data are satis- 
factorily reproduced by the equation 

AF- -RTlog A- 31,244- 28 887 
Fig 3 gives the equihbnum constants determined by Frey 
and Huppke in the dehydrogenation of the lower paraffins, 
1 e ethane, propane, and butanes 
A study on the velocity of the thermal decomposition 
of ethane into ethylene and hydrogen at 600-700° C m 
copper reaction tubes has been made by Marek and 
McClucr [43, 1931] 

With regard to the production of higher hydrocarbons 
from ethane by thermal treatment, ethane is much more 
reactive than methane m this respect Thus, Hague and 
Wheeler [24, 1929} found, in expenments earned out on 
these two gases at difierent temperatures but using a con- 
stant reaction time (4 htres per hour of gas— measured at 
N T P flowing through a reaction tube 70 cm long x 2 2 
cm inside diameter), that the temperatures for opumum 
yield of total oils were as follows 

Methane 1,000° C — ToUl oil yield 3 7 % of methane treated 

Ethane 900°C— ,. „ 21 9% of ethane 
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The formation of liquid hydrocarbons (mostly of an 
unsaturatcd nature) was first noUced at 750° C , but at 
800° C and higher the distillate was almost pure benzene 
The results obtained by Hague and Wheeler on the decom- 
position of ethane are given in the following table 

Table IV 

Results of Hague and Wheeler Decomposition of Ethane 
Flow rate, 4 htres per hour 
Reaction tube, 70 cm long x 2 2 cm ID 
Space velocity, approx 49 

* I Anah 114 of exit gas * i«/ 



700 ml nil ml 32 7 1 7 2 8 21 1 21 V 2 7 4V 6 

7S0 2 13 , 63 0 4 7 ' 4 3 24 3 32 3 ' 13 3 21 I 

800 9 7 1 69 I 639 37 30 21 1 ' 38 4 21 1 127 

BSOll793,II 2 1 7 2 3 147 . 41 4 32 4 7 5 

900 1 21 90 10 6 3 1 710 1 6 1 8 5 0,44 3 389 84 

950 1283 I 796 139 87 5 04 I 0 38 526 408 1 4 

1 000 6 53 ! 3 6 16 2 109 0 0 3 0 8 2 4 58 5 33 9 4 1 


(b) Hydrogenation to methane 
or (c) Direct decomposition to carbon and hydrogen 

These ideas may be represented as follows 

CH,-CH, + C.H, 

H\drogenation (at all temperdtures) 2( — CH,) 1 - H, - 4 - 2CH, 
(==CH^fH, »CH. 

Dehydrogenation 2(=CH,) - 2( -CH)-rH, 

(==CH.) - 4 - C-f H, 

2(_ CHJ -4 2C I Hi 

Polymemalion (750-850“ C ) n(— CH) -► C,H, 

;i( CH)-4C,H„_„ I ImH, 

Equilibrium (850“ C and above) CH, C I 2Hi 

Hague and Wheeler [24, 1 929] suggested that in the pro- 
duction of higher products =CH, radicals formed from 
ethane combined and produced ethylene, from which buty- 
lene, butadiene, and, finally, aromatic hydrocarbons were 
formed 

An explanation of the thermal decomposition of paraffin 
hydrocarbons from the standpoint of free radicals has 
been given by Rice and his co-workers [57, 1931-4] The 
relative strengths of the C-C and C-H linkages appear to 



Concernmg the chemical mechanism of ethane decom- 
position, Williams-Gardner [82, 1 925] formulated the 
reactions on the assumption that there was a scission of the 
carbon-carbon bond m the ethane molecule, producing 
methyl residues which were stable at temperatures in the 
nei^bourhood of 550° C With increase in temperature 
these residues were thought to dissociate to hydrogen and 
the more unsaturated and probably less stable =CHi 
radicals, the system being in equilibnum with ethylene 
With nse m temperature — CHa groups are hydrogenated to 
niethane by hydrogen, while the reaction 
C.Hi v-*=CH,^ =CH, 

proceeds away from the ethylene side, the unstable =CH, 
residues undn^mg either 

(n) Decomposition into =sCH residuesand hydrogen, the 
former polymenisng to liquid products or decom- 
posing mto carbon and hydrogen 


indicate that decomposition of hydrocarbons takes place 
pnncipally through the rupture of the C-C bond, any 
breaking of a C-H bond must be wholly negligible com- 
pared with that of a C-C bond The free radicals thus 
produced can react in two ways (I) decompose to form 
another free radical and hydrogen, or (2) take a hydrogen 
atom from the surroundmg hydrocarbon molecule, since 
the probabihty that two free radicals will collide with each 
other IS relatively small The decomposition of the hydro- 
carbons can then take place according to cham reactions in 
which the free hydrogen atoms or free radicals combine 
with the hydrogen atoms of the surroundmg hydrocarbon 
molecules 

For example, in the decomposition of ethane the 
primary reaction may be represented by the formation 
of two methyl radicals 

CH^H,-h.2CH,— 
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These can then react in secondary reactions to form ethyl 
radicals, methane, and ethylene 

CHr-CH.+CH, ► CH. f CH,CHj- 

CH,CH, ► CH,=CH,+H 

Thus the chain reacUon is 

CH,-CH,+H H,+CH,-CH,— -i. H,+CH,=CH, f H 

The formation of free radicals in the decomposition of 
ethane at 850-950° C has been demonstrated experi- 
mentally by Rice and Dooley [58. 1933] in their well-known 
metallic mirror experiments They found that neither 
hydrogen nor ethylene had any effect on the mirrors, but 
the gaseous products from the decomposiUon of ethane 
at 850-950° C caused the disappearance of the nurrors 
Rice and Dooley therefore formed the conclusion that 
methyl radicals were the primary dissociation products of 
ethane 


Propane. 

By the thermal decomposition of propane there have 
been produced the foUowmg hydrogen, methane, ethane, 
ethylene, propylene, and various higher hydrocarbons, such 
as benzene and the higher aromaUcs Propane is more 
amenable to thermal decomposiUon than either methane or 
ethane 

Pease [55, 1928] concluded that the imtial decomposition 
of propane was monomolecular. the two main reactions 
being dehydrogenaUon and methanation, thus 

(1) 

(2) C,H,-*-C.H, + CH, 

Frey and Smith [22, 1928] found that at 575° C , in the 
presence of sihca, no carbon was formed and the reacUon 
was unaffected by an increase in the surface area of the 
silica These investigators proposed a further mechanism of 
decomposition, thus 

(3) 2C,H, C,H, f C.H, f CH, 

and found that reacUons (1) and (2) had fairly rapid 
velociUes of the same order of magnitude, while (3) was 
much slower DecomposiUon of propane m the presence 
of a mckel catalyst at 200-405° C led to the following 
changes 

(4) C,H, -*2^4+0 

(5) C.H, -♦ C,H, i H, -► CH, h2H,+2C 

of which the former takes place at all temperatures, and 
the latter becomes important only at higher tempera- 
tures 

The work of Hague and Wheeler on propane, conducted 
under the same conditions of reacUon ume as their experi- 
ments on the other gaseous hydrocarbons, showed that 
hquid hydrocarbons were first obtained at 700° C , and 
were still important products of decomposiUon at 1,000° C 
Between these temperatures the yield reached a maximum 
at 850° C —corresponding to 23 1 % of the propane treated. 
At temperatures below 800° C the hquid products are un- 
saturated in nature, and butadiene is found in the products 
obtamed at 750° C and above Carbon was first noted at 
750° C in the usual form of a foil-hke surface deposit, but 
only above 850° C was carbon a considerable part of the 
products 

The results of Hague and Wheeler’s tests on propane are 
reproduced m the following table 


Table V 

Results of Hague and Wheeler Decomposition of Propane 

Flow nte, 4 IitKi per hour Reiction tube, 70 cm Ionsx2 2em ID 



These investigators concluded, as a result of their work, 
that at 700° C approximately 61 % of the propane decom- 
posed follows the reacUon 

CH,— CH,— CH, -► CH,=CH,+CH4 
and the remamder reacts to give propylene and hydrogen, 
thus 

CH,— CH,— CH, — CHr-CH=CH,+H, 

At temperatures above 700° C the butadiene formed 
(no figures for which are given m Table V) was considered 
to be produced as follows 

2C,H4 CH,-=rCH— CH=CH,+H, 

The mechanism proposed for the formation of aromatics 
was that ethylene polymerized to butylene, which, by elimi- 
nation of hydrogen, gave butadiene This was then con- 
sidered to react with further ethylene in the following 
manner 

(1) CH 4 ==CH, fCH,=rCH, CH,— CH,— CH=CH, 

CH,=CH— CH=-.CH,+H, 

(2) CHr=CH— CH— CH, I CH,=CH, 

CH,=CH-CH,— CH,— CH=CH, 


->■ CH,=CH— CH=rCH— CH=CH +H, 


, 4 "? 

CH CH + H, CH CH4 H, 

\/ 

CH CH 


4 " ?"• 


Further, by analogy with the formation of diphenyl from 
benzene, it was supposed that butadiene could react with 
benzene, hydrogen bemg ebminated, to form naphthalene; 
and that anthracene and phenanthrene could be formed 
from naphthalene in a sunilar manner 

The work of Schneider and Frolich [66, 1931] on the 
pyrolysis of propane and other gases is of considerable 
importance Experiments were made with the object of 
determuung the primary decomposiUon product?, and the 
method adopted was to vary the degree of decomposition 
within a range where accurate analysis of the products was 
possible, and then to plot the results m sudi a maimer 
that extrapolaUon to zero per cent decomposition dis- 
tinguishes the pnmary products from those produced 
by secondary reactions These experiments were made by 
passmg the gases concerned throu^ a silica tube 61 cm. 
longx 13 cm diameter No mfoimauon u available con- 
cermng the reacUon times employed— these being varied to 
give the different (tegrees of decomposition required. 

The results obtained by Schneider and Frolich on pro- 
pane decomposiUon are reproduced m Figs 4, S, and 6, and 



PYROLYSIS OF GASEOUS HYDROCARBONS 


201S 


show that at 725° C, 1 atm pressure, and zero per cent dehydrogenation, and somewhat less than 40% is con- 

decomposition, propane breaks down to the extent of 48 % verted into ethylene and methane Both ethane and butane 

aocordmg to the equation appear to be primary products — ^probably by the reaction 

C,H, -*■ C,H, f CH, 2C,H, C,H, + C.H„ 




while 42% IS converted mto propylene and hydrogen 
Ethane also appears to be a primary product, although the 
reaction reqwnsible for its production is not clear BuU- 
diene and higher hydrocarbons appear to be secondary 
products. At 650° C about 50% of the propane undergoes 


Tropsch, Thomas, and Egloff [73, 1936] have reported 
work on ^ pyrolysis of propane at super-atmosphenc 
pressure (51 kg /cm * or 725 lb per sq m ), and 555-585° C 
Under these conditions the dehydrogenation reaction 
yielding propylene and hydrogen is naturally suppressed, 
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and the products obtained indicated that the propane 
decomposed as follows 

Dehydrogenation to propylene and hydrogen 6 8 % (Reaction 1) 

Demethanation to ethylene and methane 33 0*^ ( 2) 

Simultaneous demethanation and dehydro- 
genation 34 0%( „ 3) 

Summanzing, therefore, the decomposition of propane 
has been observed to proceed as follows 


Rcac- Reac- Reac- 
Trmp Prrsfure, lion 1 lion 2 lion 3 
Invetligalors ’ C 'lb per sg in 

Hague and 700 ' Atmosphern. 39 61 

Wheeler 

Schneider and 725 i , ' 42 48 

Frolich 

630 I , 50 40 

Tropsch, Thomas, 555-585 , 723 6 8 33 54 

and EglofT i 


primary or the secondary hydrogen atom of propane, are 
then as follows 

(v) CH,— CH,— CH,+R-»RH (-CH^CH,— CH,— 

-> RH t-CH,=CH. + CH,— 

(VI) CH,— CH,— CH,+R + RH 1 CH,— (CH)CH.— 
-»RH)-CH,CH=CH,h H 
(In these equalions R may be either CH, — or H ) 

Rice has found good agreement between the expenmental 
results of Pease and Durgan [SS, 1928] and the values pre- 
dicted by his theory 

On the other hand, Lang and Morgan have concluded, as 
a result of work on the pyrolysis of propane at partial 
pressures less than atmospheric (steam being used as a 
diluent), that there is no combination of equations in the 
Rice mechanism that will account for the relative quanti- 
ties of products found These workers favour the Nef dis- 
sociation hypothesis [SI, 1904, 1908] Nef considered that 
organic compounds exist in two states which he called 
‘active’ and ‘inert’, and that, although the relative number 



Fig 6 Decomposition of propane at 650° C and 1 atm pressure 


Rice [57, 1931-4] has represented the decomposition of 
propane as follows 

The pnncipal reaction produces both free ethyl and 
methyl radicals 

(I) CHr-CH,— CH,-^CHr-CH,— rCH,— 

The secondary reactions are 

(u) CHr-CH, ►CH,=CH,-t-H 

(ill) CH,— CH,-- 1 CH,— CH,— CH, 

-* C,H,+CH,CH,-CH,— 

— C,H,-HCH,=CH, I CH,— 

(iv) CH,— CH,— +CH,— CH,— CH, 

-H- C,H,+CH,CH(CHJ— 

— C,H,+CH.CH==CH,4 H 

The two chain reactions, the relative extents of which 
depend upon whether the earner group reacts with the 


of active molecules is small, the two exist in a state of dyna- 
rmc equilibrium It is further stipulated that the acbve 
valences must be on adjacent carbon atoms, e g in the 
case of propane 

CH,— CH.— CH, Vi CH,— CH— CH, 


fnerl Aclive 

Nef also said that these active molecules may be con- 
sidered to be in a kmd of state of ionization, or dissociation, 
althou^ not necessanly in the same category as the ioniza- 
tion of electrolytes 

In applymg the theoretical deductions of Nef to the 
thermal decomposition of propane, Lang and Morgan 
assumed that an increase m temperature displaces the 
eqmbbnum towards the formaUon of more active mole- 
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cules, and also that in the active molecules the dissociation 
proceeds farther imtil the equihbnum is disturbed by the 
closing of the bonds on the alkylidene residue and union of 
the two other radicals from the dissociation of the molecule 
Lang and Morgan admit that the monomolecular dissocia- 
tion of propane, which predominates at low partial pres- 
sures, can be explamed satisfactorily by the mechanisms 
suggested above by other writers, but maintain that the 
bimolecular reaction is not similarly explained They pro- 
pose the following process — based on Nef s active mole- 
cules 

H H 
HC C H 

H I (A) 

HC H 
H 

H H 
HC -CH 

I H - C.H. ) CH, (B) 

HC H 

H 


H H H H 

HC -CH H - C— CH 

H H 

I I -)• C,H. 1 C,H, ) CH, (C) 

H CH H CH 

H H 


The bimolecular reaction could also, it was suggested, 
proceed as follows 


investigated the effect of various catalysts The use of 
copper gauze, mckel gauze, and a mixture of zinc and cop- 
per did not affect the character of the decomposition pro- 
ducts, but lowered the temperature necessary for their 
formation For a given propylene yield the temperature 
was lowered 50° C by copper gauze and about 30° C by a 
mixture of zinc and copper Nickel was a somewhat less 
effective catalyst than copper Pumice and stainless-steel 
turnmgs were without catalytic effect A catalyst mixture 
containing 78 5 molar % zinc and 21 5 molar % chromium 
markedly increased propylene formation, so that a larger 
yield of this hydrocarbon was obtained at 658° C by its 
use than was formed without the catalyst at 730° C with 
a rate of flow but one-fourth as great A similar mixture 
containing 30 2 molar % zinc and 69 8 molar % chromium 
was also active in promotmg dehydrogenation to propy- 
lene, but It also encouraged complete decomposition of the 
propane Hydrogen formation exceeded that of propylene, 
which decreased rapidly as the temperature increased, while 
carbon deposition increased Addition of pumice to the 
latter mixture of zinc and chromium decreased its activity 
for both partial and complete dehydrogenation When the 
propane was diluted with 67% of nitrogen, an 11 % yield 
of propylene was formed at temperatures as low as 520° C , 
and no methane was formed 
In the presence of a copper pumice catalyst [45, 1932] at 
500" C dehydrogenaUon to propylene is the predommating 
neaaion, and only small amounts of ethylene and methane 
are produced The formation of propylene is favoured by 
short time of contact with this catalyst, prolonged contact 
increasing the yields of methane and ethylene 


H 

HCH 
H i 

1 ► C,H, ^ CH, t CH, (D) 

H HCH 
H 


The Dehydrogenation of Propane to Propylene As shown 
later, the dehydrogenation of propane is rapidly assuming 
commercial importance as a method for the production of 
propylene 

llie reaction involved 

C,H,-h.C,H,+H, 

is a reversible equilibrium, and has been studied by Frey 
and Huppke [21, 1933] usmg a chromic oxide gel catalyst 
at 350-450° C and atmospheric pressure These workers 
obtained the following values for the equilibrium consunt 
„_(QH,)(H,) 

qh7 

At 350° C =000038 
„400°C =00022 
„450°C =0 0074 

indicating that a lower temperature is required for a 
given mtent of decomposition than in the case of ethane 
At the temperatures employed propane gave no side 
reactions 

Boeckler [3, 1929] has made a study of propane decom- 
position over the tenqierature range 500-1,000° C , and 



Butanes. 

Normal Butane As in the case of propane, there are a 
number of possible methods of decomposition for normal 
butane These are as follows 

(A) CH,— CH,— CH,— CH,--►CH,-CH^-CH=CH,^ H, 

(B) CH,— CH,— CHr-CH, -+ CHr-CH,-t CH,=CH, 

(C) CHr-CH.— CH,—CH, -*• CH,— CH=CH, i CH, 

(D) 2CHr-CH,—CH,—CH,-^CH,—CHr-CH=:CH,+ 

+ CHr-CH, —CH,+CH, 

(E) 2CHr-CHr-CHr-CH, CH,— CH,— CH=CH,-(- 

+2CHr-CH, 

(F) CHr-CH,-CHr-CH, -+ 2H, ( CH,=CH— CH=CH, 

The actual products obtamed are best represented by 
equations (A), (B), and (Q, although there is no direct 
evidence of the exact m^anism that produces the 
products 

The relative tendency for the above reactions to occur 
IS evident from the results of various mvestigators collected 
m Table VI Hague and Wheeler’s [24, 1929] work was 
conducted m silica tubes 70 cm long x 2 2 cm inside dia- 
meter, usmg a constant flow rate of 4 htres per hour, i e 
the same conditions as employed for theur work on other 
paraflSns, which has already been mentioned Hurd and 
Spence [29, 1929] used a pyrex reaction tube 1 m diameter, 
heated over 30 m of its length, and flow rate of 20 7-25 8 
htres per hour, corresponding to contact times of 18-30 sec 
Frey and Hepp [20, 1933] employed a sihca reaction coil of 
166 c c capaaty and contact tunes of 25 sec The other 
mvestigators mentioned unfortunately give no details 
regarding reaction times or flow rates 
The figures of Table VI mdicate that at the lower tern- 
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peratuKS the fonnaUon of methane and propylene is the 
preferential reaction, but, as the temperature is mcreased, 
the tendency for the formation of ethylene and ethane is 
increased. Dehydrogenation to n-butylenes is also an im- 
portant reaction 

Table VI 

Decomposition Products of n-Butane 


I Mots per 100 mots 
I butane 



Frey and Hepp [20] 1 252 | I 875 I 60 0 1 29 0 , 107 

Hurd and Spence [29] I 30 0 , { 600 52 5 | 45 0 4 0 

Neuhaus and Marek [52] > 600 48 5 I 34 5 I 160 

Neubaus and Marek [52] i , 650 48 0 37 7 , 12 3 

Hague and Wheeler [24] , 4 ' 650 1 36 0 ' 43 0 ■ 21 0 

Hurd and Spence [29] I 18 0 I 700 , 43 7 i 51 0 5 3 


Experiments made by Tropsch, Thomas, and Egloff at 
525-555“ C and 725 lb per sq in pressure showed that 
hquid products in appreaable quantity were produced 
from n-butane under these conditions At contact times of 
47 to 173 sec , butane decomposed as follows 

1 4 % according to reaction (A), i e dehydrogenation to butylene 
36 6% according to reacuon (Q, le formation of methane and 

propylene 

30 0% according to reaction (B), le formation of ethylene and 

ethane 

31 9% according to reaction (D), le formation of butylene, pro- 

pane, and methane 

3 2% according to reaction (E), le formation of butylene and 

ethane 

These results show that simple monomolecular dehydro- 
genation is suppressed by an mciease in pressure — an 
observation agreeing with the Le Chateber principle, and 
that the bimolecular reactions are facilitated The bitter 
effect is also to be expected because the rate of a buno- 
lecubu- reaction is proportional to the concentration (i e 
parbal pressure) of the reactmg substance 
Experimental evidence in support of a mechanism for the 
decomposition of n-butane is lacking The chain mechan- 
ism of Rice accounts for the products of a number of 
hydrocarbons, but in some cases a cham mechamsm is not 
a^uate to account for the products For the decom- 
position of butane the cham mechamsm is defuutely out of 
bne, because it does not predict any butylene or hydrogen, 
which are important products 
The equilibrium dehydrogenation of n-butane has been 
studied by Frey and Huppke [21, 1933], usmg a chromic 
oxide gel catalyst over the temperature range 350-450“ C 
Under these conditions small proportions of methane, 
ethylene, and ethane were produi^ by reactions mvolving 
the fracture of carbon — carbon bonds, m addition to the 
products of simple dehydrogenation These by-products 
w«e evidently formed ^ catalytic action, smce the tem- 
peratures were too low to cause appreciable homogeneous 
decomposiUon Frey and Huppke found that the butylenes 
produced consisted of 1-butene and both c/s-2-butene and 
/nms-2-butene (Following Dillon, Young, and Lucas 
[8, 1930], the lower boibng 2-butene was designated the 
Irons isomer ) The followmg values of the eqmhbnum con- 
stants were determined (see also Fig 3) 



No isobutylene was produced in the dehydrogenation of 
n-butane 

Regarding the formation of liquid products from #i-bu- 
tane, Hague and Wheeler found, under the experimental 
conditions already described, that these were first evident 
at 700° C and were still in evidence in tests at 950° C 
Between these two temperatures the yields attained maxi- 
ma, the total oil yield at 850“ C and the ‘disbllate to 
170“ C * yield at 800“ C , with values of 24 6% and 12 9% 
by weight of the butane used, respectively The liquid pro- 
ducts obtamed at temperatures up to 750“ C was largely 
olehmc m character, but at higher temperatures consisted 
essentially of benzene Naphthalene began to form some- 
what above 800“ C 

Frey and Hepp [19, 1932] have made a detailed examina- 
tion of the volatile oils obtained by the pyrolysis of a 
mixture of 89% «-butane and 11% isobutane at 850“ C 
m silica reaction tubes, and have identified 1,3-butadiene, 
pentenes, cyclopentadienes, hexadienes, methylcyclopcnta- 
diene, benzene, toluene, xylenes, and styrene 


Isobutane 

Hurd and Spence [29, 1929] working at 600 and 700° C , 
and Pease at 625 and 650“ C , found isobutane and n-bu- 
tane to have about the same thermal stability, the main 
difference in their behaviour being a greater hberabon of 
hydrogen from the isobutane At 600° C Hurd and Spence 
found that 90% of the isobutane reactmg did so according 
to the equations 
CH,. 

(а) >CH— CH,-*CH,— CH=CH,+CH. 

ch/ 

CH,. CH, 

(б) >CH— CH, C=CH,4 H, 

CH/ CH, 

At 700“ C , as well as at 600“ C , their data showed that 
these reactions were still the major ones, although at the 
higher temperature an increased amount of ethylene was 
formed 

As a result of smular expenments made at 600 and 
650° C, Marek and Neuhaus [44, 1933] agree that the 
above reactions are the most important, demethanation 
accounting for the formation of primary products to the 
extent of 34-5%, and dehydrogenation to the extent of 
63% Under super-atmosphenc conditions (i e 7251b per 
sq m ) Tropsch, Thomas, and Egloff [73, 1936] found iso- 
butane to leu reactive than n-butane, and to occupy, 
m this respect, a posiUon between n-butane and propane. 
Thus isobutane at 555” C and 725 lb per sq m gave 
21 6% decomposition in 51 sec., while n-butane at the same 
tempemture and pressure gave 43-4% decomposition m 
47 sec Thus uobutane at 555” C. reacts only half as fast 
as n-butane. 
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The ease of dehydrogenation of isobutane is of particular 
interest, because it offers a convenient source of isobutylene 
— ^now used as a raw material in the production of iso- 
octane by processes of polymerization and subsequent 
hydrogenabon Frey and Huppke [21, 1933] have shown 
that, usmg a chromic oxide gel catalyst at 3S0, 400, and 
450° C , dehydrogenation takes place more easily in the 
case of isobutane than in the case of any of the lower 
paraffins, but side reactions are most marked These side 
reactions lead to the production of methane, and the pro- 
ducts contain a deficiency of hydrogen Values for the 
dehydrogenation equilibrium constant are given in Fig 3 
in graphical form and are as follows 

Temp C K _ (C4H,KH J 

^H,. 

150 , 0 0017 

400 001 

4S0 0 042 

The Thermal Behaviour of the Gaseous Olefines The 
olefines undergo thermal changes similar to the correspond- 
ing paraffins, but are also very prone to enter mto poly- 
merization reactions During breakdown, by heat or other 
agencies, methane is almost always formed, often in con- 
siderable proportions It arises probably by the splitting 
off of a terminal carbon atom Such splittmg first forms 
two molecular fragments, a small group which becomes 
methane by hydrogenation, and a larger residue which can 
rearrange to a diolcfine or absorb hydrogen to form a 
lower mono-olefinc 

Dehydrogenation and hydrogenation also occur during 
olefine reactions, and yield diolefines, acetylene, and paraf- 
fins Probably free radicals form during decomposition 
and are intermediate in many of the reactions occurring 
The proof of the existence of such free radicals offers the 
clearest explanation of many of the reactions of olefines 
and IS almost a necessity to a rational mechanism for some 
changes Available evidence indicates that polymerization 
reactions begm with the addition of an olefine molecule to 
another of the same type, forming a dimer of the original 
substance In some mvestigations it has been possible to 
stop reaction at the dimer stage, but in many reactions 
higher boilmg polymers have mevitably been formed As 
a preliminaiy to the formation of dimers, it is quite pro- 
bable that there is activation, creating from the double- 
bond groupmg a reactive radical with two free Imkages 
Various molecular rearrangements also take place dunng 
the thermal treatment of olefines, for instance, naphthenes 
have been reported present m the hquid products obtamed 
from olefines m the presence of some catalysts, or by the 
use of high pressures With regard to the relationship of 
structure to stability among isomenc olefines, Hurd [27, 
1929] has presented the generalization that hydrocarbons 
containmg alkyl groups attached to saturated carbon atoms 
are less stable than those containing alkyl groups attached 
to unsaturated carbon atoms Thus 1 -butene is less stable 
than 2-butene, and iso-propyl-ethylene is less stable than 
tmnethylethylme 

The action of heat on olefines may produce changes of 
three types With mild heating, rearrangement or poly- 
merization reacbons predonunate, and may be the only 
ones occumng. They produce olefine (and frequently 
naphthene) hydrocarbons of molecular weight greater than 
that of the ongmal material Changes such as these are 
aided by siqsor-atmosidwnc pressure At more elevated 


temperatures, while polymerization contmues, decomposi- 
tion also occurs, and leads to the production of lower 
molecular weight olefines and paraffins, and also carbon 
and hydrogen At the same time the higher ol^es pro- 
duced by polymerization tend to become converted, in 
part, to aromatic hydrocarbons At still higher tempera- 
tures practically no polymerization takes place, and the 
primary products are carbon and hydrogen 
Catalysts have been very widely used in studying the 
thermal reactions of the gaseous olefines, some favour dis- 
ruptive changes, while others have valuable polymerization 
activity 

Ethylene 

Very complete data are available concerning the thermal 
behaviour of ethylene over a wide temperature range, both 
m the presence and absence of suitable catalysts 
When exposed to low temperatures polymerization is the 
predominatmg reaction in the absence of catalysts (and 
also when certain specific catalysts are used), and may be 
the only change which takes place At temperatures of 
350-800“ C changes both of polymerization and dism- 
tegration take place, while at high temperatures, e g above 
950^ C , decomposition reactions alone take place 
From their calculations of the free energies of vanous 
hydrocarbons, Francis and Kleinschmidt [18, 1930] con- 
cluded that the lower olefines will polymerize at tempera- 
tures up to 425° C , but decompose at higher temperatures 
Similarly, the higher olefines tend to isomenze into naph- 
thenes below about 425° C 

As products of ethylene decomposition the most impor- 
tant are carbon, hydrogen, methane, ethane, and acetylene 
Polymerization yields, depending upon the conditions, 
gaseous and liquid products The liqiuds often contam 
higher olefines, but may, at high temperature, also contam 
aromatics Pressure greatly aids polymerization of all the 
gaseous olefines and causes this to take place at atmo- 
spheric temperature, yielding among the products naph- 
thene hydrocarbons, which have not been reported in work 
at atmospheric pressure m the absence of catalysts 
With regard to the mechanisms by which these changes 
occur, some investigators have postulated the extensive 
formation of free radicals as intermediate products, while 
others have presented schemes mvolvmg the mtermediate 
production of either acetylene, butylene, or butadiene In 
1931 Egloff, Schaad, and Lowry [13, 1930-1] wrote as 
follows 

‘We consider the most probable course of the reactions 
occumng when ethylene is subjected to the action of heat 
to be the followmg The first break of an ethylene mole- 
cule IS probably in partat least to free methylene radicals, 
=:CHi These lose hydrogen and form methine radi- 
cals, =CH, or disintegrate completely to carbon and 
hydrogen— two products abundantly formed Hydro- 
genation of methylene radicals gives methane 
‘Because of its stability, methane once formed does 
not usually undergo further change It is therefore an 
abundant product of ethylene pyrolysis Ethane forms 
by direct hydrogenation of ethylene, the hydrogen bemg 
hberated 1^ the simultaneous dehydrogenation of other 
molecules of ethylene or spht from free radicals 
‘Combmation of a radical with an ethylene molecule 
forms propylene, or this hydrocarbon may be formed by 
butylem breakdown The most simple way m which 
acetylene could be formed from ethylene is by loss of 
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hydrogen Possibly it is formed by combination of free These differences are to be attributed to differences in 

=CH groups, or even by union of carbon and hydrogen reaction time Day [7, 1886] found that ethylene began 

resulting from ethylene breakdown ’ to react at 350° C and yielded polymerides, without the 

With regard to the polymerization of ethylene, these formation of any hydrocarbon with a C/H ratio different 

authorities state that this appears to commence with the that of the olefines On raising the temperature, how- 

formation of butylene ‘As butylene is the sole product ever, to 400° C , the products were methane, ethane, and 
obtained in careful work done at very low temperatures, liquid hydrocarbons No carbon was deposited At 450° C 
It undoubtedly is produced by the direct combination of ethylene contracted to the extent of 44% in 72 hours, and 

two ethylene molecules, and does not involve any inter- «» hquid product was obtained The residual gas contained 

mediate steps ’ Butadiene results by the dehydrogenation 8 4®„ methane, 64% ethane, and 27 6% olefines No 

hydrogen was obtained, but there 
cio-f «« -c.-,. i-j deposition of carbon 

f In 1930 Pease [54] decomposed 

/ ethylene at comparatively low tem- 

/ peratures in an attempt to study the 

' reactions involved He found forma- 

tion of butylene to be the only change 
which took place to any large extent 
when ethylene was passed through a 




pyrex tube of reaction volume 637 c c 
heated to 450-500° C The flow rate 
employed was 5-40 c c per minute 
Above 525° C ethane, methane, a 
little hydrogen, and liquid products 
began to appear Ethane was re- 
garded as A primary product and 
methane a secondary reaction pro- 
duct 

Bone and Coward [4, 1908] exam- 
ined the behaviour of ethylene at 
higher temperatures, i e 570-950° C 
At 570-580° C they obtained hydro- 



gen, methane, ethane, acetylene, and 
aromatic hydrocarbons, with little 
carbon 

At 700-800° C methane was an 
important product, while the forma- 
tion of aromatic hydrocarbons was 


reduced and the extent of carbon 


Fig 7 Thermal reactions of ethylene (EglolT and ' 

of butylene Further polymerization can be confined to 
hexene, formed by the addition of ethylene to butylene 
Continuation of this process gives the oils reported as 
‘higher olefines of undetermined structure’ With regard 
to the steps by which ethylene is converted into aromatic 
hydrocarbons, Egloff, Schaad, and Lowty favoured the 
mechanism proposed by a number of workers involving 
the formation of butadiene, a cyclohexene, and benzene by 
dehydrogenation of the cychc hydrocarbon This mechan- 


c»«.c<« t- deposition increased At950°C only 

4% of the ethylene was converted 
into condensable products, there was 
extensive carbon deposition, and the 
,r,ison) reaction was very rapid— 90% of the 

ethylene decomposing m 1 minute 
The results obtained by Hague and Wheeler [24, 1929] are 
of special mterest They employed a quartz reaction tube 
and the contact-time conditions identical with those em- 
ployed in paraflin decomposition Their results are repro- 
duced in Table VII 

Table VII 

Thermal Decomposition of Ethylene {Hague and 
Wheeler) [24. 1929] 


ism, given by Hague and Wheeler, has already been men- 
turned 

A valuable survey of the thermal reactions of ethylene 
has recently been made by Egloff and Wilson [14, 1935], 
who have tabulated these reactions m the convement form 
rqiroduced in Fig 7 

Nbn-catalytic Thennal Treatment of Ethylene at Atmo- 
qAeric Pressure. There is considerable uncertainty as to 
tte temperature at which ethylene first decomposes Some 
investigators have found no marked decomposition below 



600° C , but others have observed incipient decomposition • xheae flgum are lUted to be too high— due to maoeurete gaa 
on prolonged exposure to a temperature of 35(1-355° C aaalysu 
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Of the liquds obtained at 700 and 750° C (rf = 0 8 ), mechanisms (a) by intermolecular collision, ( 6 ) by the 


half distilled at 80-86° C , a small portion boiling at 72- 
76° C The gases contained butylene and butadiene 
Experiments were also conducted in sealed quartz bulbs 
usmg a constant heating period of 3 hours Maximum 
production of higher olefines was noticed at 500° C , and 
methane first appeared at 550° C 
Wheeler and Wood [80, 1930] have described experi- 
ments conducted over the temperature range 650-900° C 
At 650° C the principal product was butylene, but at 
700° C butadiene and propylene were formed Evidence 
of the disruption of the ethylene molecule, to form com- 
pounds of lower carbon content, was first obtained at 
750° C Examination of the liquid products formed at 
700° C showed that 50% boiled below 110''C and was 
principally benzene, with some toluene and cyclohexene, 
neither naphthenes nor paraffins were present in this frac- 
tion The results of Wheeler and Wood [80, 1930] are 
reproduced in Table VIII 


formation of an excited mtermediate molecule C«HJ which 
then reacts with a further molecule of ethylene, thus 

C.HJ ) CtH. 2C,H„ 

and (c) the condensation of a free methylene radical with 
ethylene in the following manner 

CH,=CH, 2(CH,=) 

CH.=^CH,H (CH,^^) — CH,CH=CH. 

Lenher considers that the last explanation is more pro- 
bable than the others 

Valuable contributions on the kinetics of ethylene poly- 
merization have recently been made by Storch [70, 1935], 
who confirmed Lenher’s observation concerning the 
marked accelerating effect of traces of oxygen, and found 
that 1 molecule of oxygen caused about 85 additional 
molecules of ethylene to polymerize At 377° C and 
141 5 cm pressure, 0 02% oxygen resulted in about twice 


I To/a/ I DiUillate 
Temp hquid\, \ to 170' C 

6S0 ' 15 1 

700 12 2 , 8 0 

750 I 28 2 I 16 5 

800 j 36 1 j 17 7 

850 ' 314 13 3 

900 I 13 4 5 4 


Table VllI 

Decomposition of Ethylene (Wheeler and Wood) 


Ext! goK analysis "■ 

C.H. ( 


Acetylene was reported absent m the exit gases from these 
experiments 

A further insight mto the mechanism of ethylene decom- 
position is afforded by the work of Schneider and Frolich 
[ 66 , 1931], who endeavoured to determine the primary 
products by cracking ethylene in silica tubes at a pressure 
of 0 2 atm By extrapolation of the results to zero per 
cent reaction, there were formed from each 100 moles of 
ethylene reacting about 41 moles of hydrogen, 36 moles of 
butadiene, 12 moles of propylene, and 3 moles of butylene 
The results also indicated that atout 72% of the ethylene 
reacting formed butadiene and hydrogen as initial products 
2C,H4-*-CH,=CH— CH=CH,4 H, 

Since a positive test for the presence of acetylene was 
always obtained, the excess of 5 moles of hydrogen may 
have come from a reaction producing acetylene Ethane 
and methane were found to be definitely secondary pro- 
ducts, but It was observed that propylene was a primary 
product under the experunental conditions employ^ This 
conclusion, although at first sight rather improbable, has 
been substantiated by the work of Lenher [40, 1931], who 
found that propylene was the most important product of 
the polymerization of ethylene dunng the slow oxidaUon 
of ethylene with oxygen at temperatures of 450-520° C 
A number of experiments with high ethylene concentra- 
tions and oxygen concenuations of about 5% showed that 
below 520° C propylene and butylene are the only hydro- 
carbons formed in oxygen-activated polymerizations A 
slow oxidation experiment at 600° C yielded a hydro- 
carbon product consisting of 59 3% propylene, 2 2% buty- 
lene, and 28 4% amylenes In order to account for the 
formation of propylene as an initial product in the activated 
polymerization process, Lenher advances three possible 


the yield obtained m the absence of oxygen with 2 hours’ 
contact time Storch also conducted expenments m which 
elaborate precautions were taken to exclude traces of oxy- 
gen, because of the possibility that autocatalysis may be 
connected with the acceleraUng influence of oxygen The 
results of tests by Storch are reproduced in Table IX, and 
show the production of both propylene and butylene The 
ratio of propylene to C 4 hydrocarbons is 0 31, 0 83, and 
1 01 for the 1-, 2-, and 3-hour products rcspecUvely, and 
leads to the conclusion that propylene is not a pnmaiy 
product Distillation data indicated the presence of both 
a.- and /3-butylene, but the evidence regarding the identity 
of ‘cyclobutane’ is very doubtful A similar remark may 
be made concerning ‘ cyclopentane ’ Storch concluded that 
butylene was the mam primary product of ethylene poly- 
merization 

Table IX 

PohmerizatioH Products of Ethylene at 377° C and 
141 5 cm Pressure (Storch) 


Time of contact — hours 
Yield c c (at 27“ C and 76 cm ) per 
experiment 
Pressure drop, cm 
Propylene, vol % 

Butylene, vol % 

‘Cyclobutanc’ vol 
Pentanes, vol % 

‘Cyclopentane , vol 
Hexene, vol % 

Higher oleflnes, vol ”, 

Unaccounted for vol X 
Average contraction factor 
Yield cc (at 27“ C and 76 cm) cal- 
culated from contraction factor and 
pressure drop 


33 5 


28 I 186 
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In further experiments Storch found that the addition of 
small amounts (about 0 1 %) of ethyl mercaptan to ethylene 
prepared by fractionation of anaesthesia grade material 
decreased the rate of polymerization about tenfold 
Non-catalyhc Theniial Treatment of Ethylene at Elevated 
Pressures. It was found by Ipatieff [31, 1906-7, 1911] that, 
under a pressure of 70 atm , the polymerization of ethylene 
took place at temperatures at which, under atmospheric 
pressure, change was very slight Reaction began at about 
325" C and proceeded with considerable speed at 380- 
400° C The product consisted of a small amount of solid 
and a greyish-green liquid made up of paraffin, naphthene, 
and olefine hydrocarbons The fractions of this liquid 
boilmg up to 100° C were chiefly composed of paraffin 
and olehne hydrocarbons, while naphthenes were thought 
to be the main constituents of the portions boiling from 
100 to 280" C From the boiling ranges, densities, and 
elemental analyses of the fractions Ipatieff reported the 
presence of pentane, hexane, octane, nonane, amylene, 
hexene, and various poly-naphthenes It seems possible, 
however, that the fractions he studied were not individual 
hydrocarbons but mixtures, since the criteria employed were 
insufficient for the identification of pure hydrocarbons 
According to Nash and Stanley [50, 1930] ethylene is 
stable, in the absence of catalytic material and under pres- 
sure, at temperatures up to about 300° C At 325‘ C a 
gradual reduction in pressure took place, and with in- 
creasing temperature the condensation became more rapid 
Thus, on heatmg ethylene (initial pressure 51 atm at 20° C 
and 135 atm at 34Ci-350° C ) for 7 hours in a small steel 
autoclave, the pressure fell uniformly from 140 to 32 atm 
When cold the pressure was 7 atm and the gaseous product 
of the reaction was a small quantity of gas of the com- 
posiuon 68% C,H4, 7 4% of higher olefine, 0 6% hydro- 
gen, and 23 8 % methane The liquid reaction product was 
of a yellow colour with slight fluorescence, and on distilla- 
tion gave the following fractions 

40-100° C 17% colourless 

100-700“ C 35% 

200“C/7SOmm-200°C/13min 36% yellow 

Above 200° C /13 tnm 12% brownish yellow 

Under certain conditions of heating under pressure 
ethylene is liable to decompose with explosive violence and 
give hydrogen, methane, and carbon This was first ob- 
served by Waterman and Tulleners in 1931 [78] Usmg an 
initial pressure of 32 kg per cm *, an autoclave of 2,000 ml 
capacity was employed and heated slowly to 350" C , at 
which temperature it remained for 30 min Under these 
conditions shght liquid formation was observed but no 
explosive decomposition, whereas when an mitial pressure 
of 48 kg per cm • was used, explosion took place when 
a temperature of 350° C was reached, correspondmg to a 
pressure of 175 kg per cm * The gaseous product con- 
tamed 89% methane, 6% hydrogen, and a little benzoie 
The carbon produced closely resembled ordmary carbon 
black and filled the autoclave completely Analysis showed 
this to contain more than 99% carbon 
This phenomenon has also been observed by Dunstan, 
Hague, and Wheeler [10, 1932], who found that the reaction 
is profoundly affected by vanous metals Using a flow type 
of apparatus and a mild-steel reaction tube, polymerization 
of ethylene was rapid at 380-400° C and 800 lb pressure, 
but carbon was deposited in an amount correspondmg to 
6 6 % of the liquid produced Usmg a copper liner m the 
reaction tube, carbon deposition became serious at pres- 
sures higher than 800 lb per sq m , and violent decom- 


position (resembling the flashing of acetylene) occurred, 
accompanied by a copious deposition of soft carbon 
Similar results were obtained m the presence of either 
oxidized or cleaned copper surfaces With stainless-steel 
and aluminium liners similar results were obtained, but 
carbon deposition was rather more marked with these 
metals than with copper Some allow steels, notably Had- 
fields Era 131 (chrome molybdenum steel, 0 4% Cr, 0 8- 
09% Mo, 04% Cu), gave less carbon deposition than 
copper, and allowed polymerization to liquid products to 
proceed satisfactorily at 380-500' C and pressures up to 
1,200 lb per sq in At temperatures above 470° C a sur- 
face deposit of hard carbon was formed in the presence of 
Era 131 steel, but even at 490" C the carbon represented 
only about 1 % of the liquids produced 

The explosive decomposition of ethylene has also been 
observed by Eglofl and Schaad [12, 1933] in the presence of 
a catalyst comprising 4NiC)— 2A1,0,— CuO An autoclave, 
filled with ethylene to 49 atm initial pressure, was heated 
and the pressure increased regularly until a pressure of 143 
atm was reached at 330" C The pressure then suddenly 
rose from 143 to 340 atm , and the temperature rose 200° C 
The products of the decomposition were fluffy carbon and 
a gas containing 37 6% hydrogen and 54 2% methane 

This explosive decomposition has not been observed in 
the case of either propylene and butylene, or when working 
with gaseous mixtures containing up to 25% ethylene at 
temperatures up to 500 ’ C and pressures up to 2,500 lb 
per sq m The phenomenon does not occur with normal 
refinery gases A detailed explanation of this peculiar be- 
haviour of ethylene is not forthcoming The polymerization 
IS known to be highly exothermic, and the heat liberated 
must be dissipated, but it would appear that the reason for 
theexplosive decomposition is chemical rather than physical 

The conditions of temperature and pressure under which 
ethylene decomposes in this way are thus as follows 

I Temperature, i Pressure, 
Observer , ° C | atmospheres 

Dunstan, Hague, and Wheeler ] 390-460 , 54 5 

(copper tube) I 

Waterman and Tulleners ! 350 169 0 

EglofT and Schaad i 330 143 0 

(NiO — AltO,— CuO catalyst) 

Regardmg the conversions of ethylene to liquid products 
reahzed by simple thermal treatment, and the nature of the 
products obtained, much mformation has been published 
Egloff and Schaad give the following details 


Properties of products 

Autoclave 

Small con- 
tinuous plant 

Pmcftiirf, (itm 

131-158 max 

60-71 

Temp , “ C , average 

379-380 

424-432 

Time of heating, hours 

Liquid products, % of ethylene 

1 78-3 45 

0 73-0 85 

dianged 1 

66-74 

76-78 

Density of product, 1 5 5/1 5 5° C 
Engler distillations of product 

0 766-0 777 

0 761-0 765 

Initial boiling-point, ° C 1 

40 

44 

10% disullate at 

74 

68 

20% „ „ 

98 

86 

30% „ ,. 

128 

102 

40% .. 

153 

122 

50% .. .. 

173 

145 

60% .. ., 

195 

169 

70% ., ., 

222 1 

200 

80% „ „ 

257 

237 

90% „ „ 

305 

313 

Final boiling-point 

1 323 1 

326 
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The product produced m the small continuous plant 
contained more low-boiling constituents than did that pro- 
duced m the autoclave, where the reaction time was longer 
and the pressure greater and gave the following yields on 
Hempel distillation 

Gasoline 35-210 C 78 5 volume Yellow 

Residue above 210'* C 21 S°„ „ 

The gasoline fraction had a bromine number of 81, and 
contained 44 5% olefines, 9 6"/„ aromatics, the remaining 
45 9% being naphthenes and paraffins The octane num- 
ber, as determined by the procedure of Hubner and 
Murphy [26, 1931], was 76 

In the experiments of Dunstan, Hague, and Wheeler, 
autoclave tests showed that at 400 C and 1.200 lb per 
sq in pressure conversions of ethylene to liquid products 
of up to 73 % could be obtained Under these conditions, 
however, the residual gas contained only 15°o olefines, indi- 
cating thattheseconditionswere rather toodrastic Lowering 
the temperature to 380-392” C resulted in yields up to 92 '/!■ 
by weight In continuous plant tests at 380-390” C and 
800 lb per sq in pressure, conversions up to 64% per pass 
were realized under appropriate conditions of reaction 
time Using a lining tube of copper, it was found that at 
this pressure it was necessary to operate at 440” C — ^that 
IS to say, 50-60° C higher than when using mild steel to 
obtain comparable reaction rates 

With regard to the liquid products obtained, those from 
autoclave operation were turbid and dark in colour, and 
contained 60-70% boiling below 200 C and 88-93 
boiling below 300" C , depending upon operating condi- 
tions The products produced in continuous plants were 
quite transparent and light straw in colour, and contained 
80-6% of material boiling below 200" C Analysis of 
these products indicated that they were largely olefiruc, the 
paraffin hydrocarbon content increasing with rise m boil- 
ing-point The presence of naphthenes was indicated, but 
diolefines were considered absent Anti-knock value tests 
on the gasoline content of the polymers indicated that, in 
blend, this had a blending value rather inferior to that of 
benzene These tests were made on an Armstrong Whit- 
worth Variable Compression Engine operated at HO^F 
jacket temperature Experimental work described by Sul- 
livan, Rutiirulf, and Kuentzel [71, 1935] is of particular 
interest, because it covers the polymerization of ethylene 
over a range of pressures from 500 to 3,000 lb per sq in , 
and 343-456° C At 500 lb pressure and 454° C a con- 
version of 59% was obtained at 8 min time of contact, 
and when the pressure was increased to 1,000 lb, giving 
a time of contact of 27 sec , the yield was 70% at the same 
temperature At all pressures and temperatures examined 
conversion increased rapidly with contact time up to a 
maximum, beyond this point further mcrease in time of 
contact resulted in little or no increase in liquid yield Thus 
at 800° F ethylene gave a conversion of 67% at 2,000 lb 
and 14 nun time of contact, 72 3% at 27 min , and only 
73 2% after 59 5 min At 455° C , increasing the time of 
contact beyond 22 mm at 2,000 lb pressure resulted m 
decreased yields of liquid, indicating that polymer destruc- 
tion by cracking was proceedmg more rapidly than polymer 
formation by polymerization Typical results obtain^ by 
these mvesbgators at 2,000 lb per sq in pressure are re- 
produced m Fig 8, and the conditions for maximum 
polymer yield are summarized m Table X The yield was 
not found to increase appreciably with mcreasing pressure, 
but the allowable throughputs mcreased enormously Thus 


at 3,000 lb the polymer production per unit time was over 
10 times that obtained at 500 lb pressure 



Thermal Polymerization of Ethylene (Sullivan, Ruthruff, 
and W E Kuentzel) 


«c I 


Reaction Liquid \ Sp gr ' Caso^ 
yield, I . o/ I / 


500 ! 454 
1000 ' 454 

2.000 ' 454 

3.000 I 371 

3,000 I 399 
3 000 427 

3,000 454 


8 1 I 59 1 

27 4 > 70 0 

22 4 ' 80 8 

85 0 I 75 0 
43 0 ! 74 8 

17 3 I 74 3 

9 6 I 714 


0 7839 
0 7824 
0 7883 
0 7950 
0 7905 
0 7897 
0 7792 


78 


64 

62 

63 

62 

63 


With regard to the nature of the products obtained tmder 
the various conditions examined, the low octane numbers 
of the gasolme fractions are noteworthy, especmlly when 
It IS remembered that these are Research Method octane 
numbers and that the Motor Method octane numbers 
would be appreciably lower The gasolme contents of the 
crude liquid products are also low 
Ipatieff and Pmes [32, 1935] have described m detail the 
properties of ethylene polymers produced at 330° C and 
64 atm pressure m an autoclave The product was found 
to contain 8% paraffins, 68% olefines, and 24% naph- 
thenes Aromatic hydrocarbons were ab«nt and only 25 % 
of the product boiled up to 225° C The resulte of Pod- 
bielniak hi^-temperature distillation of the product are 
reproduced m Table XI The absence of aromaUc hydro- 
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Table XI 

Thermal Polymerization of Ethylene at 330° C (Ipatieff and Pines) 

Fraction j Boiling-point, ° C , ' Total per- Bromine \ Refractive Olefines, Dentitv at | Molecular \ Carbon, 

M 738 mm \centageover number I Index liS | % | 2 5“ C '' Height I % 

1 I 36-60 2 1 n? ; 1 3879 , 60 I I 

2 I 60-75 3 9 113 ! 1 3883 i 60 , 0 6716 85 ! 84 7 

3 I 75-90 4 9 105 , 1 3980 | 55 ' 

4 90-115 5 8 88 I 14099 ! 55 j i 

5 I 115-135 9 3 81 , 1+136 I ^ I 

6 135-155 13 3 70 1 4205 55 | 0 7381 127 85 17 

7 , 155-175 17 1 61 I 1 4272 53 

8 ' 175-195 19 1 66 I 1 4338 ' 58 ' 

9 195-205 19 9 I i I 

10 205-225 240 38 I 1 4443 I 61 

11 1 225-245 31 2 32 1 4469 ' 63 0 7940 194 ' 85 69 

12 I 245-260 35 3 58 I 1 4511 ' 76 I ! 

13 ] 260-270 41 9 S3 1 4544 70 0 8060 | 211 

14 155-1 70/ 15 /mm 45 1 55 1 4591 74 I 

15 170-190/15/mm ' 49 6 | 43 ‘ 14610 70 i I 

16 I 190-207/15/mm 57 7 I 30 , 1 4632 56 ' 0 8289 i 299 ' 85 68 

17 I 207-220/15/mm I 62 1 , 28 14663 

18 220-23S/lS/mm 65 5 26 14661 | 

19 to 389,15/mm ' 99 9 I 17 , 67 ' ] 630 85 98 


Hydrogen, 

15 05 


14 96 


14 35 

14 17 
! 14 18 


carbons is evidenced by the figures obtained on organic 
analysis of the product, and also by the fact that after 96% 
sulphuric acid treatment of the fractions there was a pro- 
duct obtained which did not react with an acid nitrating 
mixture For a further proof a method of hydrogenation 
at 220° C in the presence of nickel oxide was applied to 
fracUons 11, 16, and 19 The products obtained were 
entirely paraffinoid 

The properties of this product should be compared with 
those of a similar product produced using phosphoric acid 
catalyst (see later) 


Propylene. 

Under the influence of heat propylene undergoes de- 
composition in a manner very similar to ethylene Its 
decomposition temperature is shghtly lower than that of 
ethylene, however, since by replacing 1 hydrogen atom in 
the ethylene molecule by a methyl group the symmetry 
of the molecule is destroyed 

The possible types of reaction mvolved in the case of 
propylene are as shown in Fig 9, reproduced from the 
published work of Eglofif and Wilson [14, 1935], m which 
the energy of activation of the various scissions involved 
are taken from the figures of Rice [60, 1935] Propylrae 
may polymerize to give hexene in a manner similar to the 
polymerization of ethylene to butene At temperatures of 
40(M05°C Engler and Rogowski [15, 1909] claimed a 
50% conversion of propylene to cyclopropane, but the 
work of subsequent mvestigators does not favour this pos- 
sibihty This reaction may take place through the forma- 
tion of an intermediate tn-methylene radical, which might 
also combine with a like molecule to form cyclohexane 
The two most probable types of decomposition for pro- 
pylene are (1) into hydrogen and an allyl group, and (2) mto 
a methyl radical and a vinyl radical Rice [60, 1935] esti- 
mated the values of 91,000 and 85,000 calories respectively 
for the energy of activation of these reactions The allyl 
radicals appear to combme foimmg cydohexene, for 
Wheeler and Wood [80, 1930] obtained a monocyclic 
hydrocarbem with cme double bond as the mam product 
m the liquid obtained at 650° C When a methyl radical 
sphts from propylene it reacts to form methane or ethane, 
dqiending on ±e concentration of the methyl radical and 


hydrogen, as shown by the experiments of Pancth At 
atmospheric pressure the rate of combination of methyl 
radicals will undoubtedly be high Similarly, at atmo- 
spheric pressure the formation of ethane is favoured in 
thermal reactions in which polymerization predominates 
As the decomposition proceeds, ethane dehydrogenates to 



Fla 9 Thermal reactions of propene 


form ethylene, and by several reactions the concentration 
of ethylene is mcreased until the thermal reactions of pro- 
pylene are essentially those of ethylene at the temperatures 
at which methylene radicals, acetylene, and liquid aromatic 
hydrocarbons are formed The experunents of Wheeler 
and Wood [80, 1930] are of mterest m this connexion, the 
results of which are reproduced m Table XU In these 
tests the gas was passed throu^ heated quartz tubes, the 
reaction tune varymg from 20 sec at the lower tempera- 
tures to about 10 sec at the higher temperatures. 
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Table XII 

The Thermal Decomposition of Propylene 
{Wheeler and Wood) 


These results seem contrary to those of other workers 
The scheme suggested by Schneider and Frolich was as 
follows 



ill 


a analysts (% volumr) 


+ 400 {02 ,4 1 >869 
+ 100 06 65,4S6 


37 0 14 4 , 49 I I 


V 


I C,H 


(C,H, 



C.H. 


whereas Egloif and Wilson interpret the evidence to in- 
dicate decomposition to (1) hydrogen and allyl radicals, 
and (2) to methyl and vinyl radicals 


2CH,— CH=CH,-» 2H4 2CH,^CH— CH^CH,=CH— CHr-CH.— CH=CH, 

I”* 

\ I I 

CHr=-CH— CHr-CH, + CH— CH, 

2CH, -CH^ CHj 2CH, 1 2CH^CHj ->• CHr=CH— CH=CH,+CH.— CH, 


At 650° C the prmcipal products were ethylene, ethane, 
and butylene, with comparatively small amounts of un- 
saturated liquid hydrocarbons Under the conditions of 
test the formation of butylene from ethylene or of ethylene 
from butylene could not occur at this temperature There 
was a noticeable difference in character between the hquids 
of lower boiling-pomt obtained from the decomposition at 
650° C and at 700" C Whereas the former were mainly 
monocyclic hydroaromatic hydrocarbons, havmg one 
double bond in the ring, the latter were mainly benzene 
and toluene At the higher temperatures of formation the 
proportion of liquids of high boiling-point mcreased, show- 
ing that the more complex hydrocarbons had been formed 
at the expense of those of simpler composition The pro- 
portion of toluene to benzene formed from propylene at 
700“ C was greater than that formed from ethylene at the 
same temperature Naphthenes and paraffins were absent 
from the liquids boiling below 110°C, and were pre- 
sumably absent also from the liquids of higher boihng- 
point 

Hurd and Meinert [28, 1930] also found propylene to be 
decomposed rapidly at temperatures above 600° C in pyrex 
or quartz tubes The larger part of the propylene which 
reacted was broken down into carbon, hydrogen, methane, 
paraffins higher than methane (prmcipally ethane), and 
ethylene Propylene and isobutylene were found to under- 
go about the same amount of pyrolysis when subjected to 
the same temperature and contact time Frey and Smith 
[23, 1928] employed a temperature of 575° C and a reac- 
tion time of 240 sec , and found that the longer time factor 
gave a greater yield of methane at the expense of butene, 
butadiene, and ethane 

With regard to the primary products of propylene de- 
composition and polymerization comparatively little is 
known The work of Schneider and Frolich [66, 1931] con- 
ducted at a pressure of 0 2 atm , in which the products of 
primary reactions were obtained by an cxtrapolaUon 
method, shows that for each 100 moles of propylene re- 
acting, 23-4 moles of both ethylene and butylene are 
formed as imtial products Hence it must be concluded that 
about 48 % of the propylene reacts according to the equation 

2C,H,-*C,H4+C,H, 

Likewise it appears that 10% goes to form ethane and 
butadiene, thus 

2C,H,-+C,H.+C,H, 


The combmation of two allyl radicals would give hexa- 
diene which, together with the high concentration of pro- 
pylene, would decompose into butene and vinyl radicals, 
and these on hydrogenation would yield butylene and ethy- 
lene In the second type of decomposition methyl and 
vinyl radicals would combine with similar radicals to give 
butadiene and ethane Other combmations of these radi- 
cals would give 5 or 6 carbon-atom olehnes, which were 
indicated in the products 

According to Dunstan, Hague, and Wheeler [10, 1932] 
the principal primary reactions involved in the thermal 
decomposition of the olehnes yield both 2 and 4 carbon- 
atom olefines, thus 

(a) 2C,H, -► C.H, 

(b) 2C,H, — C,H,+C.H, 

(r) C,H, = 2C,H, 

Under conditions involving secondary changes propylene 
yields ethylene and methane, ‘probably by hydrogenation 
of the radicals formed by scission of the carbon chain at 
the single hnking’, thus 

CH,— CH— CH,+ H, -> CH,==CH,+CH4 

Non-catalytic Thermal Treatment of Propylene at Elevated 
Pressures. At elevated pressures polymerization is the pre- 
donunant reaction in the thermal treatment of propylene 
at temperatures up to 400° C At higher temperatures de- 
composition and complex side reactions occur Evidence 
regardmg the relative case of polymerization of ethylene 
and propylene under increased pressure conditions is con- 
tradictory In the presence of catalysts, e g phosphoric 
acid, propylene is the more easily polymerized, but in the 
absence of catalysts the reverse appears to be the case 
[10, 1932, 81, 1935] 

The liquid products obtained by the non-catalytic poly- 
menzation of propylene at 375° C and 214-54 kg per cm* 
pressure over a period of 12 hours have been desenbed by 
Ipatieff and Pines [33, 1936] (Table XIII) Paraffins are 
present in the lowest boihng fractions, but as the boihng- 
point rises the percentage of paraffins diminishe s until it 
becomes ml m the fractions boihng at 175° C and higher 
Olefines are present to the extent of about 50% in the frac- 
tions boiling up to about 185° C. In the product boihng at 
2 1 5-225° C olefines are present to the extent of 8 % only and 
are absent m higher boihng fractions Cycloparaffins are 
present m all but the lowest boihngfractions, while fractions 
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TABti XIII 

Thermal Polymerization of Propylene {Ipatieff and Pines) 


29-50 
50-65 
65-71 
71-87 
87-115 
115-140 
140-145 
145 155 
155-165 
165-175 
175-185 
185-195 
195-205 
205-215 
215-225 
225-245 
245-255 
255-266 
266-279 
279-291 
291-303 
303-317 
317-329 
329-346 
346-366 
Residue 


26 7 
324 

36 7 

37 7 


81 4 
85 3 
88 5 


Bromine I Refractive 
no index nj," 

I 

106 I 1 3830 

105 1 3958 

99 I 1 3975 

79 1 4036 

61 ' 1 4123 

59 ' 1 4199 

53 I 1 4228 

52 ' 1 4269 

50 I 4279 

48 , 1 4318 

48 1 4341 

45 1 4383 

49 I 4403 

43 1 4440 

44 I 1 4479 

34 1 4500 

43 1 4514 

42 ' 1 4538 

41 1 4570 

46 1 4589 

39 1 4620 

42 I 1 4648 

33 1 1 4677 

33 ' 1 4728 


Original product Hydrogenated product 

Mole- ^ ^ ' 1 ' 

Bro- ' cular ' ^ , Car- Hydro- Car Hydro 

mine aright ' Demity bon gen wX* Deiuity bon gin 


65-71 105 
140-145 59 
175-185 48 
215-225 ' 43 
170-182/14 mm ; 39 
205-223, 14 mm 33 


I 8507 1495 I 

137 I 0 7447 ' 14199 I 85 56 14 55 1 14151 , 84 84 ' 15 07 

150 0 7860 > 14318 i 85 62 ' 14 38 ' 0 7655 84 95 ' 14 94 

178 ' 0 7995 1 4440 ' 85 81 14 01 ' 85 47 14 56 

243 { 0 8315 ' 14620 '86 06 13 83 I 85 61 14 31 

309 I 0 8515 1 4728 ' 8601 13 74 ■ 85 77 , 14 0 


Compoiition of original material 


‘ j Cycio- I 

Piiraf- I Ole- oh- Niiph- 

/iny ' finey ' finey thena 

25 . 55 I 0 20 

8 47 ' 0 45 

0 45 0 55 

o' 8 ' 37 1 55 

0 I 0 62 38 

0 0 63 ' 37 


boiling at 215° C and higher contain cyclo-olefines — pre- 
sumably formed by the dehydrogenation of cycloparaffins 
According to Ipatieff and Pines [33, 1936] the thermal poly- 
merization of ethylene proceeds more easily than that of 
propylene In the case of ethylene the polymerization pro- 
ceed satisfactorily at 330° C , but propylene polymerizes at 
330° C to a negligible extent at the same pressure This 
agrees with statements made by Dunstan, Hague, and 
Wheeler [10, 1932] and by Sullivan, Ruthruff, and Kucntzel 
[7i, 1935] 

Table XIV 

Thermal Polymerization of Propylene {Sullivan, Ruthruff, 
and Kuentzel) 




lb per 
sq in 

Temp 

“C 

Reaction 


Sp gr 
of 

liquid 

Caro- 

line, 

% 

number of 

IcIfr 

Rerearch 

Method) 

500 

454 

57 

163 

0 7661 

80 3 

78 

1,000 

427 

1 22 6 1 

469 

0 7645 

73 1 

87 

2,000 

427 

169 

640 

0 7653 

69 5 

75 

2.000 

454 

I 10 6 

62 8 

0 7805 

662 

80 

3,000 

399 

1 273 

62 6 

0 7682 

59 5 

75 

3,000 

427 

164 

610 

0 7690 

63 4 

74 

3,000 

454 

L-v. 

612 

0 7784 

67 1 

74 


Typical results obtained by the last-named investigators 


m the polymerization of propylene are reproduced in 
Table XIV, from which it is evident that the octane num- 
bers of the polymer gasolines produced arc higher than 
those from ethylene under the same conditions 

In autoclave experiments at 400° C and 1,010 lb per 
sq in maximum pressure Dunstan, Hague, and Wheeler 
[10, 1932] obtained an 80% conversion of propylene to total 
liquid products 

Bntenes. 

The three butenes, namely, 1 -butene, 2-butene, and iso- 
butene, are less stable under the action of heat than either 
propylene or ethylene In general, the larger the alkyl 
group substituted for a hydrogen atom in the ethylene 
molecule, the more unsymmetrical the resulting molecule 
and the greater the instabihty This is shown in the case 
of the two notmal butenes, 2-butene being the more stable 
Undoubtedly, either of the normal butenes isomerizes into 
the other, so that a study of either is really a study of a 
nuxture of both Only at low temperatures in the early 
stages of decomposition are differences m the relative 
stability of the normal butenes apparent 

n-Butenes. The results obtamed by Wheeler and Wood 
[80, 1930] m the pyrolysis of these gases at temperatures 
rangmg from 600 to 900° C mdicate that the products of 
decomposibon from both isomers are similar The pro- 
duction of equal volumes of propylene and methane at 
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600° C indicates rupture of the terminal C-C linkage, fol- 
lowed by hydrogenation of the radicals so formed The 
necessary hydrogen would be liberated dunng the simul- 
taneous decomposition of some of the butene to form 
butadiene Another simultaneous reaction is the formation 
of molecules containing 2 carbon atoms, mainly depoly- 
merization to ethylene 

Liquid hydrocarbons were produced at 600° C , mainly. 
It was believed, through the combination of butadiene with 
an olefine On this assumption calculation showed that the 
three primary reactions involved about equal weights of 
butene An examination of the liquids formed when a 
mixture of the two n-butenes was decomposed at 600“ C 
showed that cyclohexene and methyl-cyclohexene pre- 
dominated, benzene and toluene being present in com- 
paratively small proportion Cyclohexadiene and methyl 
cyclohexadiene were also present Only 18 5% of the 
liquids produced at this temperature boiled above 117° C 
Of the liquids formed from 2-butene at 650° C , however, 
29 6% boiled above 1 10“ C and 16 6% above 150“ C , and 
aromatic hydrocarbons predominated Thus an increase 
in the temperature of iormation of the liquids resulted in 
a greater proportion of higher boiling hydrocarbons and 
caused the conversion of hydro-aromatic into the more 
stable aromatic hydrocarbons Naphthenes and paraffins 
were absent from the liquids boiling below 1 10“ C The 
results of Wheeler and Wood are reproduced in Table XV 

Tabue XV 

Pvrolyw of n-Butenes (Wheeler and Wood) 



Isobutene. Isobutene is less stable to heat than cither of 
the normal butenes, propylene, or ethylene On the other 
hand, it is more stable than the corresponding paraffin — 
isobutane Thus Hurd and Spence [29, 1929] found that 
at 600° C isobutene decomposed to the extent of only 1 2% 
in 18 sec , whereas isobutane decomposed to the extent of 
13-19 5% in 17-21 sec at the same temperature For a 
20% deromposition of isobutylene at 600“ C a hot con- 
tact time of 200 sec was required At 700“ C the rale 
of decomposition for both hydrocarbons was markedly 
mcreased, although the contrast was still apparent For 
a hot contact tune of 12-21 sec , isobutane was broken 
down to the extent of 70%, whereas with isobutylene de- 
composition varied from 30 to 50% Still more striking 
a difference m the two cases is to be found m the course 
of the two reactions Isobutane was found to decompose 
almost exclusively into gaseous hydrocarbons, which were 


of lower molecular weight than the onginal material Iso- 
butylene, on the contrary, changed quite materially into 
hydrocarbons of greater molecular complexity Nearly half 
of the decomposed isobutylene gave rise to liquid hydro- 
caihons, whereas the remainder appeared m the form of 
gases The gaseous products from both isobutane and iso- 
butylene were similar to the extent that methane, hydrogen, 
and propylene were important products of the decomposi- 
tion, with methane always pr^ominaung Some of the 
results obtained by Hurd and Spence on isobutene are 
reproduced in Table XVI 

Table XVI 


Decomposition of Isobutene {Hurd and Spence) 



The Non-catalytic Thermal Treatment of Butenes at 
Increased Pressures Ipatieff [30, 1902-3, 34, 1907-8] was 
probably the first to polymerize isobutene by heating to 
380-400 ’C at 70 atm pressure He thus obtained a mix- 
ture of liquid paraffin, olefine, and naphthene hydrocarbons 
which resembled the products he obtained by similar treat- 
ment of ethylene, except that the fraction boiling below 
150°C was richer in olefines m the case of isobutene 
Among the olefines present were thought to be the dimer 
and trimer of the original olefine By heating isobutene at 
200“ C for 14 days in sealed glass tubes small yields of 
polymers have been obtained [39, 1930] It would appear 
that polymerization of isobutene to di- and tri-isobutene 
and higher polymers occurs first, followed by decomposi- 
tion and cyclization of the polymers, i c 
CH, H CH. CH, CH, 

N I II s / 

C=-CH 1 C— CH, -«• C=CH-C— CH, 

/ I / \ 

CH, CH, CH, CH, 

Di-isobutene 

(or 2,4,4-Trimclhylpentene-2) 

Experiments on the polymerization ol isobutene (and 
also propylene and amylene) have shown that the reaction 
velocity varies directly as the square of the concentration, 
and that the velocity constant of polymerization depends 
upon the temperature At high initial concentraUons the 
polymerization of olefines is homogeneous, and although 
the mechanism of the reaction differs from the usual con- 
secutive bimolecular reaction, the second kinetic order re- 
action IS formally observed The polymerization reaction 
velocity of olefines of normal structure rapidly decreases 
with increase m molecular weight, and the presence of two 
double bonds m the molecule increases the velocity of 
polymenzation [37, 1934-5] 

The Thermal Reactions of Acetylene. 

The first experiments on the action of heat on acetylene 
were carried out by Berthelot [I, 1866, 1901], who formed 
the opuuon that acetylene was an interm^ate product 
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m the pyrolysis of practically all the hydrocarbons which 
he studied Acetylene was found to decompose when 
passed through a porcelain tube at red heat and gave 
largely carbon and hydrogen Minor products were ethy- 
lene, methane, naphthalene, and tar To explain the 
separation of carbon, Berthelot assumed a progressive 
polymenzation reaction, hydrogen sphttmg off in the pro- 
cess until only carbon remained Experiments under less 
drastic conditions indicated definitely the predominant 
trend m the action of heat on acetylene to be towards the 
production of aromatic hydrocarbons by polymerization 
At a much later date important researches on acetylene 
decomposition were earned out by Bone and Coward 
[4, 1908], who found that 

(1) At moderate temperatures acetylene shows a strong 
tendency to polymerize, maximum reaction occurnng 
at 600-700° C , and decreasing above this tempera- 
ture, so that little polymerization occurs at 1,000° C 

(2) At 800° C and above, the primary change is decom- 
position and considerable amounts of methane are 
formed, presumably by hydrogenation of :h:CH radi- 
cals imtially produced 

At 480-500° C , with an exposure of 20 hours, about 
82% of the acetylene was found to react Of this 48% 
polymerized, 39% decomposed into carbon and hydrogen, 
and the remainder (13%) was converted into methane, 
ethane, and ethylene At 800° C explosive decomposiUon 
— ^le the so-called ‘acetylene flashing’ — occurred, pro- 
ducing much methane Methane was also produced in high 
yield when acetylene was heated with hydrogen at 800° C 

Probably the most extensive work on acetylene pyrolysis, 
particularly with regard to the identification of the hquid 
products obtained, is that by Meyer and his co-workers 
[47, 1912-14, 1918, 1920], whose work should be consulted 
for further details Of mterest is the work of Hague and 
Wheeler [24, 1929], conducted at atmospheric pressure 
and under the same conditions of contact time as their 
experiments on other hydrocarbon gases Their results are 
reproduced in Table XVll, and show that high yields of 
liquid products are obtained at 650-700° C The decom- 
position of pure acetylene as compared with that of acety- 
lene produced in the thermal decomposition of other 
hydrocarbons shows differences arising from increased con- 
centration Decomposition should take place through the 
same mechanisms, but the chances for methcnyl radical 
formation are much greater in the case of undiluted acety- 


lene These methenyl radicals should combine to give 
benzene Moreover, there is the possibility of 3 acetylene 
molecules polymerizing to give benzene without the inter- 
mediate formation of methenyl radicals 

Table XVII 

Polymerization and Decomposition of Acetylene 
(Hague and Wheeler) 


Exit gat analysts % (vol ) 


i 

III 

f 

Higher 

Olefines 

1 

§ 

T 

1 

Hydrogen 

Methane 

600 30 8 



08 

53 2 

42 

27 9 

83 

700 . 61 1 

750 46 7 

24 8 
18 3 

16 7 
22 1 

'2 

02 

24 

104 

88 

43 8 
50 1 

37 1 

37 5 


At low temperatures and atmospheric pressure acetylene 
polymerizes to higher gaseous and hquid derivatives, such 
as dipropargyl, methyl pentadene, and divmyl acetylene 


The General Effects of the Variables mvolved in 
Thermal Decomposition of Hydrocarbons 
The foregoing account of the thermal reactions of the 
gaseous hydrocarbons allows an accurate assessment of 
the effect of the various variables involved to be made 
Considering the effect of temperature first, it is evident 
that at very high temperatures, eg above 1,000° C, all 
the gaseous hydrocarbons decompose completely to carbon 
and hydrogen, if the heating period is sufficiently long 
That IS, the methane equilibrium 

CH, -Cf2H, 

IS the ultimate stage m the decomposition of all hydro- 
carbons, and if products other than carbon and hydrogen 
are required, then the heating time and/or the temperature 
must be so adjusted that the primary or secondary products 
of decomposition are withdrawn from the reaction zone 
before the final decomposition reactions set in 
In the heat treatment of gaseous paraffins the least 
drasUc conditions of temperature and reaction time yield 
gaseous olefines, and liquid products are only usually ob- 
tained by an increase in either temperature or contact time 
AromaUc hquids are obtained under more drastic condi- 
tions than liquid products of an unsaturated character 
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THE GASEOUS PARAFFINS AS A SOURCE OF OLEFINES 

By D. A. HOWES, D Sc , M lnst.P T 
AngMrantan Oil Company Ltd 


It has already been shown that the gaseous paraffins — 
methane to butane — yield olefines by thermal decomposi- 
tion, and also by dehydrogenation The commercial and 
practical aspects of these means of producing olefines may 
now be considered in detail 

The Production of Olefines by Thennal 
Non-catalytic Decomposition 
Theoretically it is feasible to obtain high yields of ole- 
fines from the corresponding paraffins by heat treatment — 
the reaction involved being a simple dehydrogenation 
- C,H„4 H, 

Methane is not amenable to such dehydrogenation because 
the production of ethylene from it involves a synthesis 
process in which two carbon atoms must become hnked 
together 

Unfortunately heat treatment alone does not have the 
desired results because, as already shown, the gaseous 
paraffins decompose in a variety of ways, each C — C link- 
age being broken in addition to the elimination of hydrogen 
from a terminal alkyl radical Consequently the thermal 
treatment of a gaseous paraffin results m the formation of 
both paraffins and olefines containing fewer carbon atoms 
per molecule than the parent substance, and the yields of 
olefines arc, as a result, low As far as can be ascertained 
the highest yield of olefines yet obtained by the thermal 
treatment of either propane or butanes is about 60% by 
weight, the production of lower paraffin and hydrogen 
being about 40% by weight 

Methane. 

Most of the work reported on the thermal decomposition 
of methane is concerned with either the decomposition into 
carbon and hydrogen or with the production of aromatic 
liquids, and no work has apparently been carried out to 
determine the optimum yield of gaseous olefines obtainable 
The production of acetylene from ethane is dealt with later 
Whenever liquid hydrocarbons are produced from 
methane by thermal treatment, the exit gas is found to con- 
tain small amounts of ethylene and/or higher olefines in 
addition to varying quantities of acetylene For example, 
Hague and Wheeler [31, 1929], in experiments at 900- 
1 ,050° C obtained an exit gas, after condensation of higher 
hydrocarbons, containmg 0 3-0 9% of higher olefines and 
21-37% of ethylene Similarly, Stanley and Nash [47, 
1929], in experiments on highly purified methane at 
1,000° C , obtamed an exit gas containing up to 11% 
ethylene and 0 8% acetylene In these tests the space 
velocity was varied from about 24 to 143 volumes of inlet 
methane per volume of reaction space per hour 
Cambron [6, 1932] has described detailed tests on a 
natural gas fraction of the following analysis 

Methane 89 7% volume 

Ethane 4 8% 

Propane 3 4% 

1 5% „ 

0 6 % ., 


These tests were made in quartz and porcelain tubes 
contaimng a centrally disposed electncally heated carbon 
rod Temperatures ranging from 990 to 1,200° C were 
employed, and the effects of temperature and contact time 
variables were investigated 

Cambron found that yields of ethylene and acetylene 
equivalent to 13 5% and 3 0%, respectively, could be ob- 
tained from the above natural gas fraction at 1,020' C, 
using a suitably short contact time Under more severe 
conditions the yield of ethylene decreased while that of 
acetylene increased 

It IS evident from these results that the production of 
ethylene and higher olefines from methane by thermal 
treatment is not a commercial feasibility As far as is 
known, the use of catalysts has not yet given any greater 
yields than those mentioned above As a source of olefines, 
therefore, methane may be disregarded 

Ethane. 

Ethane is a very convenient source of ethylene As 
already mentioned, the main reaction mvolved in thermal 
treatment at temperatures considerably higher than the 
initial decomposition temperature, is dehydrogenation, 
although other reactions take place to minor extents In 
the following correlation of the published work on the 
production of ethylene from ethane by non-catalytic 
thermal treatment, experiments made by heating ethane 
staucally in a closed system have been ignored because, 
while they have given valuable information on the reaction 
mechanisms involved, are far removed from industrial prac- 
tice, and give no indication of what may be realized in com- 
mercial operation 

Table I 

Results of Hague and Wheelei Decomposition of Ethane 


How rale 4 hires per hour 
Keaclion lube 70 cm long ^ 2 2 cm ID 
Space Vcloclly approx 49 



Among the earbest work on the thermal decomposition 
of ethane to ethylene that is of any value is that of Hague 
and Wheeler [31, 1929], whose results are reproduced m 
Table I These mvestigators used sihca and porodain 
tubes 2 2 cm diameter and 70 cm long The heated length 
of the tube was 42 S cm , but the volume of the constant 
temperature zone is unknown The total heated reaction 
volume IS thus 162 cc., and the constant temperature 
volume must have been at least half this, i.e 81 c c. These 


Butanes 
Pentanes + 
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figures Ignore the volume of an mtemal thermo couple 
pocket which was used A constant inlet gas rate of 4 litres 
per hour (measured at N T P ) was used in all the tests 
reported, and therefore the space velocity (volumes of inlet 

gas per volume of reaction space per hour) was = 49 4, 

based on the assumed constant temperature zone volume 
Under these conditions Hague and Wheeler obtained the 
optimum conversion of ethane to ethylene (as shown in 
Table 1) at 750° C , when the olefine content of the exit gas 
was 33 3 %, and the increase in gas volume due to reaction 
was 63 % Assuming the olefines formed to consist entirely 
of ethylene, these figures correspond to an ethylene yield 

of 33 3x 54 3% by volume or 50 5% by weight 

Under these conditions the reaction time was about 
20 seconds 

Other workers have employed reaction time and space 
velocity conditions more in accord with industrial opera- 
tions. in which high gas linear velocity is essential in order 
to obtain good heat transfer rates Thus, Sullivan, Ruth- 
ruff, and Kuentzel [50, 1935] have studied the pyrolysis of 
ethane for olefine production m a helical coil ot KA2S 
tubing (18/8 Cr-Ni steel) of 14 ft total length and A I D 
Reaction times of 0 5 to 2 6 sec and space veloaties of 
270-1,440 were employed The detailed results of these 
investigators are reproduced m Table II, and the effects of 
the more important variables are shown in Figs 1, 2, 
and 3 

Tabu 11 

Production of Ethylene bv the Pvrolyyn of Ethane 
(Sullivan, Ruthruff, and Kuentzel) [50, 1935] 


temperature range 1,440-1,550° F (782-843° C), and at 
reaction times varying from 0 5 to 2 6 sec 


CONVERSION TD olefins -VOLUME PERCENT 


muwM 


iiifii 

lirjfii 


In Fig 1 the volume per cent conversion of ethane to 
ethylene is plotted against the per cent volume increase 
In the absence of any secondary reactions the volume 
increase should be numerically equal to the volume yield of 
olefines, and as Fig 1 shows, the deviation of experimental 
pomts from the theoretical curve is quite small but increase 
with mcreasing conversion This figure also demonstrates 
that temperature, per cent conversion, and reaction time 
perse have httleu^uence on the course of the reacuon The 
curve m Fig. 1 represents all the data obtained m the 


time of contact - seconds 


In Fig 2 the olefine content of the exit gas is plotted 
against reaction time, and it is apparent that the greatest 
olefine concentration is obtamed by operating at high 
temperatures and short reaction times Volume per cent 
yield of olefines is plotted against reaction time in Fig 3 
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Under optimum conditions 74% of the ethane treated was 
converted mto olefines in one pass These figures demon- 
strate that olefine yield and olefine content of the cracked 
gas mcrease at any given temperature with increasing 
reaction time until opbmum conditions are reached, after 
which a further increase in reaction time results in decreased 
olefine yield and lower olefine concentration m the cracked 
gas This decrease is due to the destruction of ethylene 
through secondary reactions givmg carbon, hydrogen, and 
methane, and also aromatic liquids 



Fig 3 Conversion to olefines v time of contact in ethane 
pyrolysis 


Further important work on the production of ethylene 
from ethane by pyrolysis has been carried out by Cambron 
and his co-workers [6, 1932, 7, 1933], using reaction tubes 
internally heated by glowing carbon rods No details are, 
however, available for the calculation of reaction times and 
space velocities obtained in these experiments Results 
obtained by Tropsch and EglofT [S3, 193S] on the pyrolysis 
of ethane and other gases at 1,100-1,400° C are considered 
later 

A possible method of obtaimng greater yields of ethylene 
from ethane than those mentioned above is to operate at a 
sufficiently low temperature to obtain a low conversion of 
ethylene per pass, and to remove the ethylene before re- 
cychng the residual ethane In this way the production of 
methane and hydrogen would be considerably decreased 

The data of Sulhvan, Ruthruff, and Kuentzel give the 
following rates of ethylene production under the optimum 
conversion conditions 

7ao° c I sire \j44'‘c 

Cu ft ethylene per cu ft resclion j | 

space per hour 223 535 i 704 

Lb ethylene per cu ft reaction [ 

space per hour ' 16 5 j 39 6 I 52 1 

Grammes ethylene per litre reac- > j | 

tion space per hour 264 | 633 I 833 

Propane. 

As already mentioned, it is not feasible to convert pro- 
pane exclusively mto propylene and hydrogen to an extent 
sufficiently attractive for large scale operation by thermal 
non-catalytic decomposition, because lower paraffins and 
olefines are both formed The work of Hague and Wheeler 
[31, 1929] shows this very clearly For example, at 700° C 
propane gave an exit gas containmg 14 2% higto olefines 
and 23 1 % ethylene plus acetylene At 830° C the higher 
oldine content of the exit gas was only 2 3%, while that of 
ethylene was 14 3 % Under these conditions the volume 
per cent yield of higher olefines (presumably propylene) 
was 21 7% and 4 8%, respectively, at these two tempera- 


tures In order to obtain high yields of propylene without 
the concurrent formation of ethylene, methane, and ethane, 
resort must be made to catalytic dehydrogenation (see 
later) 

Similar results have been described by Frolich and 
Wiezcrich [28, 1933] These are given in Fig 4 



Fig 4 Pyrolysis of propane (Frolich and Wieaerich) 


Usmg a quartz reaction tube, a contact time of 0 4 sec 
and a space velocity of c 7,500, the maximum concentra- 
tion of propylene in the exit gas was 13 2%, and this 
occurred at a lower temperature (810° C) than the maxi- 
mum concentration of ethylene (29 4%), which occurred at 
890° C The ratio of ethylene to propylene m the cracked 
gas was roughly 2 to 1, increasmg shghUy with temperature, 
presumably because the propylene imtially formed enters 
more readily into secondary reaction than does the ethy- 
lene However, if the crackmg of propane is earned nearly 
to completion, the sum of ethylene and propylene in the 
exit gas IS close to 40% over a wide temperature range 
Since the volume of gas is practically doubled by the crack- 
ing process, this means that the yield of ethylene plus propy- 
lene IS of the order of 80% (by volume) on the basis of 
entenng propane This is equivalent to 36 % by weight 
Tests made by Ebrey and Engelder [14, 1931] at a con- 
stant space veloaty of 98 vols of inlet gas per volume of 
reaction space per hour, gave an ethylem-l-propylene 
concentration in the exit gas of 33 7% volume, at a 
temperature of 760° C The maximum propylene conoen- 
trabon m the exit gas was 10 7 % by volume— obtained at 
660° C At 760° C the yield of ethylene+propylene was 
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42 5% by weight of the propane treated This low yield 
may be attnbuted to the low space velocity employed 

One of the most complete published accounts of the 
pyrolysis of propane for the production of olefines is that 
by Sullivan, Ruthrulf, and Kuentzel [SO, 1 93S] Qualitatively 
the results obtamed are similar in all respects to those ob- 
tained by the same workers on ethane (see above) A plot 
of volume per cent conversion of propane to olefines 
against per cent volume increase is satisfied by one curve, 
regardless of the time and temperature conditions employed 
to obtain the individual points The deviation of this 
curve from the theoretical is small but increases rapidly as 
conversion increases This is reproduced in Fig S As 
shown m Figs 6 and 7, the volume olefine yield and the 
olefine content of the cracked gas are both maximum when 
operating at high temperatures and short contact times 
On increasing the time of contact beyond that necessary for 
optimum results, the olefine content of the cracked gas and 
the olefine yield both decrease because of destruction of the 
olefines through secondary reactions The highest weight 
per cent conversion of propane to olefines obtained was 
55% The detailed results of Sullivan, Ruthruff, and 
Kuentzel on the pyrolysis of propane are reproduced in 
Table III 

Further work of value on the production of olefines by 
the pyrolysis of propane is that by Cambron and Bayley 
[7, 1933] These workers found that when pyrolysis is 
carried out under conditions of turbulent flow, the yields 
of olefines obtained at a given temperature are greatly in- 
creased over those obtained under conditions of streamline 
flow They also found that under conditions of turbulent 
flow higher rates of conversion to olefmes are possible since 
the temperatures at which side reactions begin to be notice- 
able are considerably higher under these conditions 


Cambron and Bayley obtamed turbulent flow conditions 
by inserting suitable baffles in their reaction tubes [8, 1935] 



Fio 5 Volume increases v conversion to olefines in propane 
pyrolysis 


Table IU 

Propane Pyrolvsis m KA2S Coil (50, 1935] 
(Sullivan, Ruthruff, and Kuentzel) 
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Fio 7 Conversion of olefines v time of contact in propane 
pyrolysis 


Space velocities up to 4,000 and temperatures of 800- 
1,087° C were employed Under these condiUons the 
optimum results obtained were as summarized below 
(Table IV) 


Die production of olefines by the thermal pyrolysis of 
propane at super atmospheric pressure has bwn studied 
by Tropsch, Thomas, and Egloff [55, 1936], whose results 
may be summarized as follows in Table V 


Table V 

The Production of Olefines bv the Pyrolysis of Propane at 
Super-atmospheric Pressure 


Run no 
Temp ' C 
Reaction time (sec ) 

% inlet propane decomposed 


A B 
555 j 555 
95 I 144 
130 176 


Liquid product 

US gal per 1,000 cu ft input 
Imp „ ., „ 


01 ; 04 
0 08 { 033 


05 

042 


09 
0 75 


Gasiuus products 

% by vol of propane decomposed 
H, 

CH. 

C.H. 

C.H. 

C.H. 

lotal olefines 

Mean molecular weight of olefines 
produced 


Yield of olefines 

% vol on propane decomposed 
, , , input 

", wt on propane decomposed 
, , „ input 


6 1 


49 


98 


66 


, 48 4 50 5 1 83 5 

36 3 I 20 5 I 20 5 30 8 

'25 2 32 3 I 27 8 i 16 3 

I 32 4 I 28 8 I 35 6 I 23 5 

I 57 6 1 61 I j 63 4 | 39 8 

i 35 9 i 34 6 I 35 9 j 36 4 



These results are of particular interest in view of the high 
mean molecular weight of the olefines produced 


Butanes 

The olefines produced by the non-catalytic pyrolysis of 
n-butane and isobutane comprise ethylene, propylene, and 
butylenes— the more severe the condiUons the lower the 
average molecular weight of the olefines produced That 
IS, the behaviour of butanes is similar to that of propane 
in this respect 

The effect of temperature on the products obtained from 
n-butane as determined by Frolich and Wiezevich is shown 
in Fig 8 In these experiments the contact time was 0 4 sec 
and the space velocity c 340, and, under these conditions, 
the temperature (650° C ) at which maumum propylene 
concentraUon occurs (11 1 %) is somewhat lower than the 
temperature (730° C ) for maximum ethylene (29%) The 
highest concentration of butylene (8 1 %) was reached at 


Table rV 

Optimum Results Obtained by Cambron and Bayley tn the Pyrolysis of Propane for Olefine Production 




i 


1” ' 




Olefines m exit 

j Olefine production rale 






Expan- 




Crams per lure 

Lb per cu ft 

Expt 

Temp 


Conditions 


Sion 



my- 

Propv- ' 

reaction space 

reaction space 

no 

°C 

velocity 

of flow 

1 Reactor 

%yol 

%w 

% vol 

lene 

lene 

per hour 

per hour 

15 

1,050 

3,560 

streamline 


78 3 

317 

474 

21 8 

48 

2,110 

132 

18 

950 

3,560 

turbulent 

quartz | 

996 

547 

78 0 

304 

88 

3,630 

227 

36 

1,087 

4,100 



764 

500 

65 8 



3,920 

245 

84 

977 

1,236 

streamline 

KA2S 

669 

38 8 

540 

22 5 

98 

895 

55 8 

81 

949 

1,250 

turbulent 


812 

502 

70 0 

28 0 

96 

1,160 

695 

97 

860 

1,295 


28% 

840 

502 

72 8 

28 3 

114 

1,320 

82 0 





Chromium 



1 









alloy 1 
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about 670° C For maximum total unsaturateds in the exit 
gas, a temperature of about 690" C was required 



FiCi 8 Pyrolysis of normal butane (Frolich and Wieiench) 


The experimental results of Hague and Wheeler [31, 
1929] on butane have already been mentioned These were 
obtained at very low space velocities {ca 49), i c long times 
of contact The highest total olehne content in the exit gas 
was 42 5% vol (le 19 7% higher olefines, 2 4% C,H, 
(probably CjH*), and 20 4% C1H4), at a temperature of 


700° C Under these conditions a 2 3 % oil yield was ob- 
tamed simultaneously and higher temperatures gave 
decreased olefine yields, but higher liquid yields Valuable 
results at higher space velocities, 1 e under conditions much 
nearer to commercial scale practice than those of Hague 
and Wheeler, have been obtained by Cambron and Bayley 
[7, 1933] These results, together with figures derived 
therefrom by the author of this paper, are detailed in 
Table VI It will be observed that the high space velocities 
used by Cambron and Bayley necessitated the use of 
temperatures up to 990" C , but under these conditions the 
output of olefines per unit of reaction space was very high 

The production of gaseous olefines and liquid products 
by the pyrolysis of butanes at 725 lb per sq in (51 kg per 
cm *) has been studied by Tropsch Thomas, and Eglolf 
[55, 1936], whose results have already been discussed on 
theoretical grounds At these pressures the temperatures 
required (525-550° C) for olefine production arc much 
lower than those necessary at substantially atmospheric 
pressure, but the reaction times (40-120 sec) arc corre- 
spondingly longer Under these conditions it was found 
necessary to limit the percentage decomposition per pass 
in order to reduce carbon formation, and in all tests liquid 
products were produced The results obtained by Tropsch 
el al have been used to calculate the data pertammg to 
them given in Table Vll It is noteworthy that the olefines 
produced under these conditions had average molecular 
weights ranging from 43 to 48 (le approximating to 
propylene) A suitable recycling arrangement would allow 
the production (see later) of ana 50% by weight of such 
olefines, plus 1-4 Imp gal of liquid product per 1,000 cu 
ft of butane treated These yields arc very promising 

General Considerations on the Production of Olefines 
by Non-catalytic Pyrolysis 

The above account of the more important published work 
on the production of olefines by the pyrolysis of the gaseous 
paraffins may be briefly summarized as follows 

1 Olefines may conveniently be produced by this means. 
Yields up to 50-60% by weight may be realized 

2 The temperature and reaction time conditions required 


Table VI 

Pyrolysis of n-Butane (Cambron and Bavlev) [7, 1933] 
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Table VII 

Pressure Pyrolysis of Butanes {Tropsch, Thomas, andEgloff) 



are less severe than those necessary for liquid hydrocarbon 
formation 

3 Olefines may be produced over a very wide tempera- 
ture range (le 600-1,000° C) by proper choice of the 
reaction times 

4 The shorter the reacUon time— i e the higher the space 
velocity employed — the higher is the temperature required 
for a given conversion 

5 The olefines produced are invariably of consid^bly 
lower molecular weight than the parent paraffins — i e ole- 
fines are produced by the splitting of carbon chains in 
preference to sunple dehydrogenaUon 

6 The more severe the conditions employed the lower is 
the molecular weight of the olefines produced, i e ethylene 
IS the predominatmg olefine product under severe pyrolysis 
conditions (Acetylene is also an important high tempera- 
ture product— this is dealt with later ) 

7 The higher the molecular weight ofthe paraffin treated, 
the milder the reaction conditions required for a given 
conversion, or alternatively, the greater the conversion 
under given reaction conditions 

The reaction conditions and the resulU obtamed by 
selected workers m this field are summarized m Table VIII 
These rrfer to experiments in which conditions were con- 
trolled so as to prevent the formation of oils and substantial 
amounts of coke. 


Tliennal Conslderadons. 

The pyrolysis reaction for the production of gaseous ole- 
fines is markedly endothermic, as shown by the followmg 
typical reactions 

C.H. — —32,000 cal peri mole (1920 B Th U per lb ) 

C,H, —0,8,+ H. —32,000 „ (1309 , , ) 

C.H, —C,H4lCH.— 16100 (658 6 , , ) 

n — C,H,+H. —32 000 , (993 I , , ) 

B C4H,. — C,H,+C,H,— 17,000 , (527 6 , , ) 

B C.H.. — C 4 H 4 +CH.— 17 600 , , (546 2 , , ) 

As a result a large quantity of heat at a high temperature 
level must be transmitted to the reacting gas It is, there- 
fore, essential to employ highly turbulent flow of the gas 
within the reaction tubes so as to obtain a heat transfer 
rate as high as possible Without such highly turbulent 
flow side reactions occur leading to the formation of coke 
and aromatic liquids, and the throughput capacity of the 
plant IS considerably reduced 

Plant Arrangement. 

It IS evident that the reaction coil must be heated, and 
the plant arrangement is simple A gas-fired furnace, 
designed on conventional lines, serves for both preheat and 
reaction heat duties, but care must be taken m the choice 
of suitable furnace tube materials Such steels as Krupps 
NCT3 and Hadfields HR3 (both containing 25 % chromium 
and 20% nickel) are satisfactory for use at temperatures 
up to 1,000° C , while for lower temperatures there is a wide 
range of suitable tube steels— mcluding austenitic stainless 
steels and molybdenum and chromium steels 

It is frequently found that steels of different chemical 
composition have appreciably different catalytic affects 
upon the reactions involved The use of steels containing 
large quantities of nickel (but only a little, or no, chromium) 
IS to be avoided because they accelerate carbon formation 

Lwfge-scale Installations. 

As far as is known, the only large-scale plants in opera- 
tion for the manufacture of olefines by the pyrolysis of 
gaseous paraffins are those of certain American chemical 
manufacturers, who utihze the olefines produced, particu 
larly ethylene, for the production of synthetic organic 
chenucals The reason for the non-adoption of this process 
on any scale by the petroleum mdustry is the rapid develop- 
ment of combination pyrolysis— polymerization plants ^ 
which paraffins are convert^ into olefines and the olefines 
then polymerized in one plant These plants obviate the 
necessity of segregating the olefines produced and then 
subsequently polymerizing them 

The Production of Gaseous Olefines by the 
Ddiydiogenadon of the Lower Paraffins 

It has already been mentioned that the low yields of ole- 
fines obtamable from the gaseous paraffins by pyrolysis 
processes, due mamly to the fact that cracking (i e forma- 
tion of hydrocarbon contaimng a smaller number of carbon 
atoms) IS the predominating reaction, may be considerably 
improved m processes of catalytic dehydrogenation Thus 
the highest yield of olefines yet obtained from buUne by 
pyrolysis is about 60% by weight, whereas by dehydrogena- 
tion it IS theoretically possible to obtain an olefim yield of 
965% by weight consisting entirely of butylenes This 
high yield of olefines is not obtainable in smgle pass opera- 
tion, for reasons which are given later, but such a process 
ofiers other attractions (e g production of hydrogen for 
hydrogenation) 
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Table Vm 

Summary of Published Results on Olefine Production by Thermal Pyrolysis 
j "] 1 j ' Olefine produclion rate 

lb percu , 
ft rear- , 
tion space 







m % 


Material 


Reaction 



Investigators 

treated 

1 « f. 

time, set 

velocity 

olefines 

Dunstan and 

Natural 

; 750-900 


200-2,500 

50-60 

Howes [13] 

and 

gases 

! 




Sullivan, 

Ethane 

1 780-833 

0 5-1 7 

270-1,440 

36 9-69 1 

Ruthruff, 
and Kuent- 


' 




zel [50] 

Hague and 
Wheeler [31] 

Ethane 

750 


49 

50 5 

Sullivan, 

Propane 

' 674-820 

0 43-1 9 

467-1 980 

up to 55 

Ruthruff, 
and Kuent- 






zel [30] 






Cambron and 

Propane 

860-1 088! 

1 236-3,560 

1 31 7-54 7 

Bayley [7] 

Propane 

' 533-585 

52 5 144 


6 1-13 2 

Thomas and 





Egloif [35] 
Hague and , 

Propane 

750 


49 

57 2 

Wheeler [31] 
Cambron and 

1 n-Butane 

, 827-990 


2 020-3,550 

17-52 5 

Bayley [7] 
Hague and 

n-Butane 

1 700 


49 

; 49 0 

Wheeler [31] , 





Tropsch, 

n-Butane 

525-555 

47-175 


, 12 6-217 

Thomas and 
Egloif [35] 

i-Butane 

355 

31-86 3 


9 15-11 9 


Comm 

350 

82-115 


c 237. 


butane 




(vol) 


lb per G per litre 
sq i» I reaction 
gauge j space per hr 

0 30 , 3 200-16,000 


Atm ; 3,776-30.080 


Atm 

Atm 

Atm 


I Assumption made that 
I the olefines produced 
had a mole wt of 28 


% decomposition per 
pass limited to avoid 
coke formation 


y„ decomposition per 
pass limited to avoid 
coke formation 


Maximum Conversion to Olefines by Dehydrogenation of Paraffins at 350-700" C from the data of Frey and Huppke 
[23, 1933] {Percentage Conversion to Olefines {volume) ) 

310 C 400f C 


Ethane 

Propane 

n-Butane 

Isobutane 


4S(f C ' 300° C I 330“ C | 373“ C 


Maximum Concentration of Olefines 


Table X 

n Exit Gas by Dehydrogenation c 


{per cent volume) [23, 1933] 


330” C I 373” C I 600” C 1 630” C 


The eqiulibnum 

Paraffin Olefine H- Hydrogen 

hes well over to the left at temperatures below 350° C , but 
the extent of dehydrogenation increases with nse in 
temperature and proceeds extensively above 450° C Of 
particular mterest is the work by Frey and Huppke [23, 
1933] on the expenmental determination of the dehydro- 
genation equihbnum In the case of ethane, propane, and the 
butanes, whose results have already been discussed They 


are also presented m Fig 3 of the article entitled ‘Pyrolysis 
of Gaseous Hydrocarbons’ (p 2013) These results enable 
the percentage conversions of the lower paraffins mto 
the corresponding olefines to be calculated for any parti- 
cular temperature From the values of K given in Fig 3 
(p 2013), the extent of dehydrogenaUon theoretically pos- 
sible has been calculated — as reproduced in Table IX, while 
the corresponding concentrations of olefines m the exit 
gases are set out m Table X 
According to Frey and Huppke Goc cit ) no molecular 
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Feammgenieiit occurs m dehydrogenation in the presence 
of suitable catalysts, with the result that n-butane yields 


n-butylenes only and isobutane gives exclusively iso- 
butylene 

It IS evident from the above figures that it is thermo- 
dynamically possible to obtam from n- or isobutane, for 
example, an exit gas containing c 30% butylenes by de- 
hydrogenation at 550° C , the other constituents being 
30% hydrogen and 40% undecomposed butane In prac- 
tice, however, there are vanous conditions which must be 


copper IS active in this direction, but loses its activity 
rapidly, while mckel, platinum, and palladium have been 
reported to bring about complex decomposition in addition 
to simple dehydrogenation [15, 1930-2] 

The I G Farbcmndustrie [17, 1927] claim the produc- 
tion of amylene by passing pentane over active carbon at 
450-500° C, and Tausz and Putnoky [51, 1919] have de- 
hydrogenated pentane, hexane, heptane, and octane over 
palladium at 300° C In their work on the determmation 
of equilibnum constants, Frey and Huppke [23, 1933] used 



TEMPERATURE t 

Fig 9 Dehydrogenation of nonnal buUne (97% pure) 


realized before the reaction involved can proceed satis- 
factonly The most important requirement is a suitable 
catalyst to speed up the dehydrogenation reaction so that it 
may proceed at a much greater rate than any crackmg 
reactions Figures already presented show that in the 
absence of such a catalyst dehydrogenation proceeds only 
to a shght extent Other important requirements are choice 
of pressure and temperature conditions, and also choice of 
catalyst such that there is complete prevention of any crack- 
mg reactions which cause the deposition of cracked pro- 
ducts and carbon on the catalyst and so reduce its activity 
Polymerization of tht olefines formed must also be pre- 
vented, because this also causes the deposition of deletenous 
products on the catalyst 

Catalysts. 

Vanous catalysts have be^ used in the dehydrogena- 
tion of the lower paraffins A^rdmg to Pease [44, 1923], 


a chromic oxide gel catalyst prepared by preapitation from 
a chromic mtrate solution by ammonia in the presence of 
ammomum acetate The gel was black m appearance and 
vitreous in texture At temperatures above 450° C , how- 
ever, this catalyst suffers from detenoration m activity 
Chromic oxide catalysts not in the gel form are 'reputed to 
give mferior results [37, 1933], while the best results are 
claimed to be obtained from chromic oxide gel catalysts 
made by precipitation from chromic nitrate solution by 
caustic soda or caustic potash Such gels retam their gel 
structure on drying and heating Catalysts of good cata- 
lyUc activity may also be obtained by precipitation with 
ammonia m the presence of acetic acid, sulphunc aad, 
alumimum salts, or soluble silicates [37, 1933] 

Mixtures of chromic oxide and zinc oxide have been 
claimed as sabsfactory catalysts for the dehydrogenation of 
paraffin hydrocarbons higher than methane by Frolich and 
Boeckeler [27, 1934] The temperature range is quoted as 
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450-700° C. Catalysts containing zinc oxide and another 
oxide of a metal which has two or more valencies are 
favourably mentioned, such as 30 mole % zmc oxide plus 
70 mole % chromium oxide, or other proportions of 
the same oxides, or zinc oxide and molybdenum oxide 
According to Frohch and Boeckeler [27, 1934], the space 
velocities allowable with such catalysts are m the neigh- 
bourhood of 780, but may range from 108 to 6,480 The 
catalysts must be reduced before useand it is often advanta- 
geous to dilute the ingoing paraffin hydrocarbon gases with 


general, above this temperature cracking took place with 
the formation of meth^ and ethane, carbon was also 
deposited The most effccuve catalysts exammed by Dun- 
stan and Howes compnsed mixtures of molybdenum, 
zinc, and magnesium oxides, and ammonium chromate 
deposited on earners, such as silica gel and active carbon 
In the temperature range 400-600° C the allowable space 
velocities varied from 250 to 2,000, the higher throughputs 
being obtained with the more active molybdenum and 
chromium catalysts 



mtrogen or water vapour — or else with hydrogen — which 
tend to prevent carbon deposiUon A process has been 
desenbed by Frohch [24, 1932], in which gaseous paraffin 
hydrocarbons are d^ydrogenated to the correspondmg 
olefines, using the chromium oxide-zmc oxide catalysts 
desenb^ above, the resultmg hydrogen is then removed 
by treatment with reducible metallic oxides (such as copper 
oxide) and the olefine polymenzed The removal of hy- 
drogen before the polymerization stage by treatment over 
a suitable catalyst with carbon monoxide has also been 
suggested [25, 1935] In this case the reaction involved is 
CO+3H,-*-CH.+H,0 

and the catalyst employed is nickel m vanous forms 
Dunstan and Howes [13, 1936] have desenbed tests made 
on the dehydrogenation of n-butane and isobutane Their 
results on a variety of catalysts are shown m Figs 9 and 10 
With the most satisfactory catalysts equihbnum conditions 
were established at temperatures up to 450-500° C. In 


The patent hterature contains several statements con- 
cermng effective catalysts for the dehydrogenation of ethane 
and higher gaseous paraffin hydrocarbons The most im- 
portant of these may be summarized as follows 

Copper and porcelain catalysts [32, 1925] 

Vanous metals and alloys, also mckel, calci um, and 
plaunum [33, 1933] 

Reaction chambers constructed of chromium steel [44, 
1923] 

Porous materials such as active carbon and sihca gel [52, 
1934] 

Zmc, aluminium, and mckel oxides on supports [52, 
1934] 

Heavy metals of group I, e g gold, silver, or copper, or 
their alloys [59. 1934] 

Stamless steels coated with tin, zinc, lead, aluminium, 
and chronuum, with free elementary sihcon [2, 
1908] 
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Silicates, phosphates, and borates of copper, manganese, 
lead, and copper [S8,193S] 

Vapours of mercury, lead, tm, and zinc [60, 1935] 
High-temperature cokes [19, 1935] 

Sihcon carbide [18, 1935] 

Large-scale Plant Operation. 

Because dehydrogenation is an equilibrium reaction and 
because temperatures high enough for substantially com- 
plete conversion per pass are not allowable — due to 
secondary reactions, a recycle operation is necessary It is 



Fio 11 Flow diagram Dehydrogenation of isobutanc (Ideal 
operation ) 


usually undesirable, with the catalysts at present available, 
to operate at temperatures in excess of 500° C This hmits 
the extent of dehydrogenation as follows 

Ethane 9 5% 

Propane 28 2% 

n-Butane 52 3 % 

Isobutane c 60% 

Moreover, it is usually preferable to employ catalysts 
which do not give the theoretical conversion, and, in prac- 
tice, on CS-C 4 paraffin mixtures the decomposition per pass 
rarely exceeds 35 % This necessitates the use of a recycle 
ratio of 65/35 — ^1 e the feed consists of 65 parts of recycle 
material and 35 parts fresh feed The olefines and hydro- 
gen must be separated from the exit gas before retunung 
this to the system, and a convenient anangement is that 
shown diagrammatically m Fig 11, which relates to a 
typical treatment of butane 

It IS desirable to operate the dehydrogenaticm process at 
such a pressure that the feed to it may be handled m the 
hquid state — ^thus avoiduig compressors— ^d also at such 
a pressure that sunple separation or fracbonauon may be 
employed for the separauon of the hydrogen from the 


paraffin-olefine mixture before passing the latter to poly- 
menzation 

The plant reqmrements are not stringent Because of the 
fairly low temperatures reqmred, the catalyst tubes may be 
constructed of normal carbon steels or the well-known 
steels containing small amounts of molybdenum and/or 
chromium The dehydrogenation reaction is markedly exo- 
thermic (990 B Th U per lb of paraffins reacting m the case 
of butane), and arrangements must be made for supplying 
this heat to the catalyst without danger of overheating 
This IS the only important factor in the design of the 
equipment and must be given adequate attention 

The dehydrogenation of the gaseous paraffins is receiving 
considerable atlenUon m the petroleum industry at present, 
because it provides large quantities of raw materials for 
the manufacture of 100 octane number aviation fuels 
Thus butane fractions may be converted by this means mto 
butylenes The latter may then be polymerized, by methods 
which are described later, into di-butenes, which, when 
hydrogenated, become converted mto branched chain 
octanes of very high anti-knock value The following figures 
illustrate the yields obtainable in commercial operation 

Feed malerial to dihvdrogenation , Iso- 

plant Propane i Butanes butane 

D/<^nry«W (80% theory) 1 

Tons per 100 ions feed 76 4 77 3 77 3 

Cu ft per 100 cu ft feed 80 0 | 80 0 80 0 

Hydrogen yield (90 theory) ! 

Tons per 100 tons feed I 4 1 1 3 1 3 1 

Cu ft per 100 cu ft feed , 90 0 90 0 900 

Polymer yield (95 % theory) I ' 

Tons per 100 tons feed ' 72 6 ' 73 4 73 4 

GaUons per 1,000 eu ft feed | 110 , 15 0 15 0 

Polymer spirit 200“ CEP ! ' 

Tons per 100 tons feed 64 3 66 1 66 1 

Gallons per 1,000 cu ft feed 9 9,13 5 13 5 

Hydrogenated polymer spirit, 200° C 
E P 100 octane number 

Tons per 100 tons feed 66 0 

Gallons per 1,000 cu ft feed , 14 2 

The Production of Acetylene by the Pyrolysis of 
the Lower Hydrocarbons 

Acetylene is produced m the pyrolysis of all hydro- 
carbons, but IS mainly a high-temperature product For 
this reason the production of acetylene by pyrolysis has not 
received its due attention, and, moreover, the polymeriza- 
tion of acetylene to liqmd hydrocarbons of gasohne boilmg- 
range has not yet been fully explored Considerable data 
have been published on the synthesis of acetylene from 
methane by means of an electnc discharge through the gas 
[49, 1932], or by passmg methane through an electnc arc 
[26, 1930] Cost estimates made by Storch [48, 1934] (baaed 
on a power cost of 0 25 cents per K W H ) indicat^ how- 
ever, that such processes cannot compete with the produc- 
tion of acetylene from calcium carbide, with the latter at its 
present low pnee There are also several patented pro- 
cesses [22, 1931 , 42, 1931] for the production of acetylene by 
the partial oxidation of methane, but so far th^ have 
ma^ no headway 

In 1932 Fischer and Pidiler [20, 1932] published some 
data on the dehydrogenation of ethylene at temperatures 
from 1,000 to 1,400° C , and at reacbon times varying from 
0 004 to 0 005 sec Under these conditions the formation 
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of hydrocarbons of higher molecular weight was always 
appreciable On the other hand, little or no carbon was 
formed The results obtained by these workers are sum- 
marized in Table XI, reproduced from a paper by Storch 

Table XI 

Production of Acetylene by the Pyrolysis of Ethylene 
(Fischer and Pichler) 



Froduits m of 
cthi lew dt t wnpofed | 


I 'I 

« 'A 


I 

I 


I 


0 008S 0n0R5 I 

0 025 0 075 

0 0I4J 0 0857 
0 017 

0 05 0 05 

0 0085 0 0085 I 

0 025 0 075 ' 

0 0143 0 0857 { 

0 0143 0 0857 I 


i 

106 


O ' I 2 3 
430 ! 38 0 190 

43 4 , 49 6 7 0 

29 4 I 60 3 ' 9 5 
67 4 25 2 7 3 

47 5 , 36 7 I 15 8 
420 I 48 7 , 94 , 93 
72 0 I 22 6 ' 46 318 

66 3 30 2 , 3 5 32 0 


2 9 89 I 109 


[48, 1934] It is evident from these results that concentrations 
of acetylene in the exit gas as high as 32% were obtained, 
corresponding to ethylene conversions to acetylene as high 
as 92 % The percentage of ethylene decomposed is fairly 
constant, under the above-mentioned conditions, for any 
particular temperature, but there is a definite trend towards 
somewhat higher conversions at low ethylene partial pres- 
sures The presence of hydrogen appears to retard the 
dehydrogenation rate Pressure seems to affect the distnbu- 
tion of the products markedly, a lower partial pressure of 
ethylene resulting m a higher conversion to acetylene 
Fischer and Pichler [20, 1932] have also given some results 
on the conversion of ethane to acetylene These data arc 
practically identical with those obtained for ethylene under 
the same condiUons and indicate that the dehydrogenation 
of ethane to ethylene is much more rapid at 1,000° to 
1,400° C than is ^e dehydrogenation of ethylene to acety- 
lene Acetylene was also produced in quantity by the 
pyrolysis of various petroleum fraaions at 700-1, 2W° F 
[21, 1932], and 50-75% conversions of methane to acety- 
lene realized by the pyrolysis of coke-oven gas at 1,500- 
1,600 and 0 004-0 005 sec reaction time 
Recently valuable contnbutions have been made by 
Egloff and his co-workers [53, 1935, 54, 1936] on the 
pyrolysis of the gaseous olefines and parafiSns at 1,100- 
1,400° C and 50 mm total pressure Acetylene was m 
most cases an important reacuon product Considenng 
their results on the gaseous parafiins first, it was found that 
at 1 ,100° C and 50 mm total pressure, the highest yields of 
acetylene, expressed as per cent by volume, were as follows, 
over a reaction time range of 0 8 to 100 x 10"* sec 
Ethane 100 

Propane 25 0 

fi-Butane 30 0 


At 1,400° C It was found that methane required from 10 
to 20 times longer reaction time than ethane and propane 
to obtain maximum acetylene yields A maximum of 1 2 % 
by volume of acetylene was obtained from methane at 
14 1 y 10-* sec reacuon Umc De Rudder and Biederman 
[46, 1930] have reported yields of 22% by volume, which 
th^ obtained using a reaction time of r lOOx 10~’ sec 
The pyrolysis of ethane and propane proceeded similarly 
at 1,400° C as at 1,100° C The maximum yields of ole- 
fines obtained at 1,400° C were as follows 


From ethane 
Reaction time 10 ’ sec 
From propane 
Reaction time 10“* sec 


[ Eth\lene Propylene \ Acetylene 


With regard to the olefines, the results obtained at 
1,100° C and 50 mm total pressure were as follows 


Acetylene 
Volume \ 

Conuct time 10*> sec 

Ethylene 

Volume 

Contact ume 10~' sec 


Elhy- Pro- i Butene | Butene | ho- 
lt ne pvltne I I 2 \ butene 


21 0 , 21 8 350 , 260 | 403 
440 120 130 , 30 I 49 


42 6 
13 0 


32 6 I 20 1 
5 8 40 


Props lene+ huts lene , ' 

Volume % 13 0 I 

Contact Ume 10 ' * sec '2 2-44 0 


Butadiene i 

Volume % 1 5 1 2 6 I 17 4 

Contact ume 10 • sec 1 0 7-44 0 2 5-12 0 3 7 


23 3 I 109 
25 I 28 


The highest yields of acetylene and ethylene obtained at 
1,400° C and 50 mm pressure were as follows 


Acetylene 
Volume % 

ConUct time 10 ° sce 
Elhylene 
Volume % 

Contact Ume 10"* sec 

It IS thus evident that acetylene can be produced by the 
pyrolysis of gaseous paraffins and olefines — ^particularly 
the latter — ^in attractive yields 
The high temperature required is a great disadvantage, 
however, especially when combined with sub-atmosphenc- 
pressure operaUon Metal reacUon tubes are out of the 
question, and the only suitable materials for fabrication 
appear to be alundum and siUcon carbide 



The Separation of Gaseous Olefines from Mixtures 
with Paraffins and Hydrogen 
It IS often desirable to segregate or concentrate olefines 
produced in pyrolysis processes, although usually the ole- 
fine-paraffin mixture is passed to polymerization or other 
treatment without intermediate purification. 
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The methods of separation available are as follows 

(a) Fractional distillation and partial liquefaction, 

(b) Physical absorption with selective solvents, 

(c) Chemical processes, 

(d) AdsorpUon, 

the applicability of which depends upon the gas mixture to 
be handled and the degree of separation required 

(a) Fractional DistUlation, &c. 

This can only be employed to separate constituents 
having boihng-points not closely similar Usually it can 
be rebed upon to yield fairly good separation between frac- 
tions contaimng different numbers of carbon atoms per 
molecule — ^i e a mixture of propylene and propane can be 
separated from a mixture of butanes and butylenes, but it is 
not usually feasible to separate olefines from the corre- 
sponding paraffins by this method Much can be done, 
however, to concentrate olefines by the refractionation of 
selected cuts Thus Carney [9, 1932] has reported it pos- 
sible, for example, to separate 90% butylene (a mixture of 
w- and iso-butylene) by fractionation of a C 4 fraction, or to 
vary the content of the more reactive butylene, isobuty- 
lene, from S% to more than 80% in a fraction contammg 
only Ct hydrocarbons 

The process of Linde-Bronn, which has been applied in 
Germany and Belgium to the separation of the constituents 
of coke-oven gas, is of interest as illustrating the potentia- 
lities of fractionation at low temperatures [4, 1 91 7] Coke- 
oven gas IS cooled under pressure to separate first the easily 
liquefiable impurities, and also an ethylene-methane con- 
densate In this liquefaction step the coke-oven gas is 
cooled in a bath of liquid air or liquid nitrogen Fractiona- 
tion of the ethylene-methane condensate yields pracucally 
pure ethylene Complete separation of methane and of 
carbon monoxide from the accompanying hydrogen can 
be accomplished by coohng the coke-oven gas, after 
removal of the ethylene-methane mixture, to a tempera- 
ture about —209° C under 10 atm pressure This low 
temperature is secured with liquid nitrogen mauitained 
under reduced pressure 

Although most fractionations are earned out at constant 
pressure and at varying temperatures — a process of 'iso- 
thermal vaporization' — le fractionation at a constant 
temperature and gradually dimimshing pressure has been 
used for efiecUng a partial separauon of the constituents 
of a hquefied cracked gas [40, 1932] Methods mvolving 
fractional condensation have also bwn employed [ 1 ] 

A recent development is fractionaUon in the presence of 
a third substance which forms azeotropes Sulphur dioxide 
has been proposed for this purpose By addmg sulphur 
dioxide to a mixture of C 4 hydrocarbons m an amount 
equivalent to the azeotropes of the butanes present, and 
then subjecting the mixture to fractional distillaUon, the 
butenes can be separated from the butanes [41, 1936] 

ib) Absoiption with Sdective Solvents. 

A partial separation of the various lower olefines from 
one another, and from the coirespondmg paraffins, can be 
effected by takmg advantage of their different solubihties in 
vanous hquid solvents The dissolved gases can be hbe- 
rated from solution by heatmg Generally, the solubiUty 
of the olefines m neutral solvents mcreases with increasmg 
molecular weight and, possibly on account of their greater 
reactivity, they are sometimes more soluble than the corre- 
spondmg paraffins 


Two types of solvents have been suggested 

(1) Certain organic solvents such as mineral oil fractions 
m which the higher olefines are preferentially soluble, 
but which also tend to absorb relatively large propor- 
tions of the paraffins 

(2) Certain solvents which dissolve the gaseous olefines 
by forming loosely bound addition compounds, but 
which do not dissolve saturated hydrocarbons 

In scrubbing with solvents such as mineral oil fractions, 
the use of elevated pressures is desirable, since the solubiliUes 
of the gas constituents are roughly proportional to their 
partial pressures This method is only suitable for giving 
rough separations, but is used to a considerable extent 
Some figures for the solubility of the lighter hydrocarbons 
in vanous hydrocarbons and oils are given in Table XII 
Table XII 

Solubility of gaseous hydrocarbons and hydrogen in various 
hydrocarbons at 20° C 

(Volumes dissolved at N T P in 1 volume of solvent per atmo- 
sphere partial pressure — Bunsen absorption coefficient ) 


Solvent 

! H. 

CH. 

! C.H. 

C.H. 


< 

0 57 

i 3 15 

291 

Heptane 

1 

0 69 

425 

3 15 

Gasoline ($p gr 0 771) 

1 0 086 


1 


Kerosme (sp gr 0 839) 

' 0 052 


1 

2 20 

Benzene 

,0 066 

0 47 

! 

2 95 

Toluene 

1 0 077 

046 



Xylene 

'0 073 

0 49 

i 



As an example of what may be accomplished by scrub- 
bing a cracked gas with kerosme, the following figures by 
Horsley [36, 1933, 1935] may be mentioned Such a gas 
was washed at 22“ C in countercurrent with 60 litres per 
hour of kerosme (b p 200-300° C ) in an unpacked tower 
2 in diameter and 12 ft high, having an effective washing 
surface of 6 3 sq ft The gas was compressed before 
scrubbmg to a pressure of 21 atm , and the gases dissolved 
in the kerosme were substantially regenerated by reduction 
of pressure, firstly to 7 atm and subsequently to atmo- 
sphenc pressure The two gas fractions evolved were col- 
lected separately Under these condiUons the followmg 
gases were obtamed, volumes referrmg to normal tempera- 
ture and pressure 



Ethy- 

lene 

Pro- 

pylene 

and 

olefines 

Meth- 

Ethane 
and higher 
saturated 

carbons 

ffydr^ 

Initial gas 

9,000 litres per 
hour 

26 5% 

17 1% 

29 9% 

20 8% 

5 7% 

Residual gas 
5.820 litres per 
hour 

28 2% 

24% 

42 8% 

181% 

8 5% 

Ut stage let- 
down gas 

1,000 litres per 
hour 

364% 

23 6% 

164% 

22 4% 

12% 

2nd stage let- 
down gas 

2,180 litres per 
hour 

17 6% 

53 2% 

17% 

27 2% 

0 3% 


It 18 evident that the gas dissolved in the kmuene and 
evolved on reducing the pressure on the solvent to 7 atm. 
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contains a much higher concentration of ethylene than 
imbally Similarly, it contains less methane and hydrogen 
The second stage let-down gas is a concentrated source of 
propylene 

Acetone has been suggested as a solvent for ethylene [11, 
1922], and also 95% ethyl alcohol [57, 1932] For the 
separation of butylene from butane, ammoma has been 
proposed [12] 

Ihe removal of acetylene from gaseous mixtures by 
scrubbing with esters or ethers of high boiIing-point has 
also been suggested Suitable solvents are said to be glycol 
mono-formate, glycol mono- and di-alkyl ethers, esters 
of the mono-alkyl ethers of ethylene glycol [3], and also 
poly-glycols, their ethers, esters, and mixed ester-ethers 
[43, 1933] 

(r) Chemical Process. 

Perhaps the most obvious method for the separation of 
olefines from gaseous mixtures is absorption in a reagent 
capable of combining more readily with the olefines than 
with the other hydrocarbons present Such methods include 
direct hydration to the corresponding alcohols, esterihcation 
with sulphuric acid or with the hydrogen halides, and also 
selective polymerization These reactions, described in con- 
siderable detail by Elks [16, 1934], suffer from the great 
disadvantage that the absorbed olefines are not recoverable 
and therefore need not be considered here 

Aqueous solutions of silver, cuprous, and mercury salts 
are known to dissolve the gaseous olefines readily, probably 
by forming complex compounds The olefines can be 
recovered from these solutions by warming, with or with- 
out reduction of pressure Thus Horsley [34, 1 927] has pro- 
posed the use of an acid solution of silver nitrate for the 
removal of ethylene from coal gas, and the use of solutions 
of mercury salts for the separation of olefines has also been 
suggested [10] Cuprous salts arc much more popular, 
e g ammoniacal cuprous formate, acetate, or carbonate 
[30, 1929] 

A typical liquor composition is as follows 

Ammonia 7 5 g moles per litre 

Copper 1 75 g atoms , 

Formate 1 5 g moles 

Carbonati. 1 8 g moles , „ 

This IS preferably used at high pressures, e g 250 atm 

Recently the followmg figures have been given to show 


that the solubihty of ethylene is greater in ammonical solu- 
tions of cuprous mtrate, sahcylate, phenolate, and cieso- 
late [35, 1935] 

Solubility of Ethylene Volumes per volume 
Amm cuprous formate 5 43 at 24 9° C 

. aceute 4 27at24 0°C 

. . carbonate 3 33 at 23 5° C 

., ., nitrate 91 at 24 2° C 

„ , salicylate 141 atl9 0°C 

. , cresolate 8 5 at 20 5° C 

.. , phenolate 9 5 at 21 5° C 

Solutions of cuprous salts in aqueous hydroxy-alkyl- 
amines have also been proposed as selective solvents for 
the removal of olefines from gas mixtures, from which the 
latter may be recovered by heating or by reducing the pres- 
sure A satisfactory solution of such a composition may 
be prepared by dissolvmg 100 g of cuprous chlonde m a 
mixture of 500 g of water, 75 c c of hydrochloric aad 
id= 1 16), and 200 g of mono-ethanolamine [38, 1935] 
The following are solubihties of the lower olefines and 
hydrogen m this solution— expressed m htres at N T P per 
kilogram of solvent 

Absolute pressure, atm 
Fthylene 
Propylene 
Butylene 
1,3-Butadiene 
Hydrogen 

The removal of diolefines from mixtures containing also 
mono-olefines by contacting the mixture m the liquid phase 
with finely divided cuprous chloride dispersed m an aqueous 
solution has also been patented [5, 1935] 

(<0 Adsorption. 

Olefines can be preferentially adsorbed from gaseous 
mixtures on active carbon, silica gel, fuller’s earth, or other 
highly adsorptive materials, and subsequently recovered by 
heating the adsorbent, with or without the use of super- 
heated steam The olefines appear to be much more readily 
adsorbed than the corresponding parafiSns, and methane 
and hydrogen are adsorbed to only a small extent Olefines 
of falser molecular weight are more easily adsorbed than 
ethylene, and hence this method allows ethylene to be 
separated from its homologues [29, 1926] The adsorption 
may be carried out under pressure [39, 1930] 
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PYROLYSIS AND POLYMERIZATION PROCESSES FOR THE PRO- 
DUCTION OF LIQUID FUELS FROM GASEOUS HYDROCARBONS 

By D. A. HOWES. D Sc , M Iiist.P T 
Anglo-Iranian Oil Company Ltd 


It is necessary to make a distinction between ‘pyrolysis’ 
and ‘polymerization’ processes, because recent American 
publications refer to all processes by which hquid hydro- 
carbons are obtained from natural and refinery gases as 
‘Poly’ processes In this paper polymerization processes 
are classed as those in which polymerization of olefines 
takes place as a major reaction, whereas processes m which 
chemical degradation is predominant and the liquids pro- 
duced (if any) are essentially aromatic in character are 
termed ‘Pyrolysis’ processes Processes in which both 
reactions occur, either in sequence or simultaneously, are 
called ‘combination’ pyrolysis-polymenzation processes 
Pyrolysis processes have been adopted for the conversion 
of the gaseous olefines and paraifins mto liquid products 
boiling essentially m the gasoline range and of a pro- 
nounced aromatic character This type of operation is 
frequently referred to as ‘Benzole Pyrolysis’, because the 
liquid produced contains a considerable proportion of ben- 
zole The chemical reactions involved have already been 
discussed 


Table I 

Yields of Products obtainable by the Benzole Pyrolysis of 
Pure Hydrocarbons 

Atmospheric pressure operation Constant reaction lime 
Space veloLiiy =- r 49 0 


ParaPins 

Methane 

Ethane 

Propane 


1,050 0 44 

900 2 1 

850 I 3 25 
850 4 6 


88 I 03 
21 9 15 

23 09 I 2 4 

24 55 3 4 


4 7 0 14 

16 9 0 6 

18 4 0 85 

19 8 12 


Olefines 

Ethylene 

Propylene 

Butylenes 


800 3 15 36 1 I 24 28 8 

800 5 32 I 40 6 I 40 ! 31 2 

800 6 85 39 6 , 5 1 I 30 7 


0 75 I 7 


Work conducted by the Anglo-Iranian Oil Company 
Among the most valuable work done on this application 
of pyrolysis is that of Hague and Wheeler [17, 1934, 28, 
1929], done on behalf of the Anglo-Iranian Oil Company 



Fio I Yields of liquid hydrocarbons obUinable by the high- 
temperature pyrolysis of the gaseous hydrocarbons (Hague and 
Wheeler) 


The yields of hquid products obtamed are shown in Fig 1, 
and are also detailed below 

It will be observed that the hquid yield increases mth 
rue m molecular weight of the gas treated m the case of 
both paraffins and olefines, and also that the yield u greater 
for an olefine than for the correspondmg paraffin 


It IS of interest to compare the above gallonage yields 
with those theoretically obtainable from the relationship 
Imp gal perl, (XX) cu ft of gas treated 

lb percu ft of gas treated x 1,000 
sp gr of liquid product x 10 
which IS graphed in Fig 2 

To obtain products rich in benzene the temperature 
conditions are necessarily severe, but the yields obtainable 
are sufficiently high to attract attention The temperatures 
required at substantially atmospheric pressure operation 
vary from 1,000 to 1,200“ C (1,832-2,192° F ) in the case 
of methane to 800 to 850° C (1,472-1,562° F) m the 
case of butane, although with suitable adjustment of space 
velocity (or reaction time) these temperature ranges may 
be extended somewhat in an upward direction 

By operating under temperature, pressure, and through- 
put condiuons less severe than those required for the pro- 
ducuon of benzole, the liquids obtamed are essentially 
unsaturated in character, and are of lower octane number 
than benzoles Under reaction conditions suitable for 
benzole production, by making small variations m operat- 
ing conditions, the freezing-pomt, boihng range, and un- 
satuiated content of the product may be varied at will, and 
under the most severe conditions employed, 2(X)° CEP 
distillates consisting largely of benzene (CsHi, bp 80 8° C ) 
can be obtamed 

In the benzole pyrolysis process the variables, tempera- 
ture, pressure, and throughput rate are to a large extent 
complementary, although there is a mimmum temperature 
below which benzole formation is not obtamed If super- 
atmosphenc pressure is employed as a means of increasing 
plant throughput, the temperature remaining the same as 
in atmospheric pressure operation, then the same type of 
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product will be obtauied, but if, by the use of pressure, a 
lowtf reaction temperature is used, then the product will 
only be substantially benzene if the temperature is above 
about 800° C At lower temperatures products containing 
toluene, xylene, and higher aromatics are obtamed Data 
are given in Table II showing how variation of reaction 


The product may thus be descnbed as a fully satisfactory 
benzole of natural gas ongm 
With regard to the knock latmgs and blendmg properties 
of benzoles produced by pyrolysis, these are very similar 
to those of pure benzene and are referred to in detail 
later 



conditions affects the properties of the 200° CEP distil- 
lates obtamed [18, 1936] 

Exhaustive tesU by the Anglo-Iranian Oil Company have 
shown that the bei^les obtained by the pyrololysis of 
gaseous hydrocarbons may be easily refined to yield spints 
of good colour and of very satisfactory gum stability m 
conventional rehiung plant Sulphuric acid may be used as 
the refinmg agent The amount required is only m the 
order of 0 3 %, a quanuty not greater than that required m 
the refining of cracked spmts The refined spints have 
been subjected to prolonged engine tests m which gum 
formation has been encouraged, but the amount of gum 
dqiosition in the inlet mamfold and on the inlet valvn is 
n^gible 


Plant for Pyrolysis Benzole Production 
The plant reqmred for the production of benzole by the 
pyrolysis of gaseous hydrocarbons is very simple and only 
consists of conventional refinery equipment, although the 
choice of materials and reaction conditions is important. 
A typical flow diagram is reproduced m Fig 3 
It IS usually convement to avoid the use of feed stocks 
m the gaseous state and to hquify m normal stabilizing 
equipment This allows the use of inlet feed pomps and 
the avoidance of compressors with th«r attendant high 
runmng mamtenance costs Modem stabilizing eqmpment 
operates at pressures up to 500 lb. per sq. m , and there is 
usuaUy no difiknilty m obtammg feed stocks m the liquid 
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Table II 

Properties of Pyrolysis Benzoles — Affect of Variation in Reaction Conditions 


Inlet gas Straight-run gas C.H, = 15%, C,H, -- 20%, C,H,. -= 45%, C.H„ = 20% 



State, except in the case of those containing large amounts 
of non-conden^able gases such as ethylene In such cases 
compressors must be used The plant reqmred composes a 
preheat furnace, reaction coil (either heated or unheated), 
cooling device, tar separator, product receiver, and product 
stabihzer 





Fic 3 Flow diagram Pyrolysis of gaseous hydrocarbons for 
benzole production 

Furnaces. The preheat furnace may be conventional 
pipe-still practice, although the selection of the furnace 
tubes and furnace insulation for use at temperatures above 
500“ C (932° F) and up to 880-900“ C (1,616-1,652° F) 
needs care Up to temperatures of 500° C ordinary crack- 
ing furnace tubes may be employed, fabncated in mild steel, 
0 5 % molybdenum steel or 6 % chromium steel, but, for the 
higher temperatures, steels containing higher percentages of 
mckel and chromium are required Stainless steels of the 
18/8 chromium-mckel type are satisfactory for tempera- 
tures not exceeding 650° C , but reasonable hfe at tempera- 
tures up to 900° C (1,652° F ) IS only obtained by the use 
of 25/20 chrormum-mckel steels, examples of which are 
Hadfields HR 3 and Krupps NCT. 3 Tests earned 
out on a semi-commercial plant over several years have 
demonstrated that such steels are perfectly satisfactory for 
contmued service because of their excellent mechamcal 
properties and resistance to decarbunzation and scahng 


The reaction coil is preferably heated m pyrolysis pro- 
cesses as markedly endothermic as that involving benzole 
production, and is normally placed in the same furnace as 
the preheating tubes The reaction coil may, however, be 
unheated when handling olehnic feed stocks and mounted 
on an independent structure, in this case it is desirable to 
provide means for fairly rapid cooling, such as controlled 
induced or forced-air circulation In the production of 
benzole from saturated gases such as propane or butane 
the heat absorbed by reaction is approximately 1,000 
B Th U per lb of inlet gas, excluding the heat required m 
preheating the feed to reaction temperature This figure 
is matenally lower in the case of feed stocks containing un- 
saturateds because the latter imdergo exothermic reactions 
dunng the initial stages of the pyrolysis process To avoid 
sagging of furnace tubes, these may be mounted vertically 
and supported only from the top 
The formation of coke and carbon in the furnace tubes 
may be reduced to that normally met with m cracking plant 
practice by careful attention to the flow conditions of the 
gases being treated Highly turbulent flow and short 
heaung periods are necessary Values of vrf/v, where 
ti = gas velocity cm per sec , </ = diameter of tube cm , 
V — kinematic viscosity (Stokes), should be at least 
10,000-20,000 for efiicient heat transfer and to avoid coke 
deposition Recycle operation is also favourable with 
regard to prevention of coke formation 
Vanous patents cover the use of linmgs for pyrolysis 
furnace tubes which inhibit carbon formation Such linings 
are effective for short penods, but eventually become coated 
with a thin layer of carbon and coke, and so lose their 
efficacy Similarly, any differences which exist between 
different furnace-tube materials with regard to catalytic or 
auto-catalytic effect on carbon deposition disappear after 
a comparatively short penod when the inside of the tube 
acquires a thin coatmg of carbon 
Proposals have been made from time to time to employ 
as furnace-tube materials for pyrolysis processes cheap 
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steels, such as mild steel treated m vanous ways to give an 
outside surface of heat-resistmg alloy Such composite 
materials rarely possess adequate mechamcal strength, and 
often give trouble due to excessive creep 
Coolers and Tar Separators. The exit gases from the 
preheat and reaction furnaces must be cooled to a tempera- 
ture suitable for tar removal and stabilization This is 
convemently accomphshed by injection of cold oil, by heat 
exchange with the mlet feed to the furnaces, or by a 
combination of atmospheric coolers and conventional 
water coolers Tar separation may be effected by flashing 
into a separator under suitable temperature and pressure 
conditions or by the use of electrostatic detarrers at 
temperatures about 100“ C 
Product stabilizers follow normal refinery practice 


Work by Other Investigators 
Of the work conducted by other investigators on the 
production of aromatic hydrocarbons by the pyrolysis of 
gaseous hydrocarbons, the most important is that reported 
by H M Smith et al [97, 1931], Cambron and Baylcy 
[10, 1933-4] Stanley and Nash [99, 1929], Frolich and 
Wiezevich [24, 1935], Podbielmak [95, 1931], and Wagner 
[103, 1935] 

The last-named has described the production of liquid 
aromatic hydrocarbons by rapidly heating olefine-contam- 
mg gases to 1,100° F (594° C ) or higher, and then allow- 
ing them to nse in temperature due to the exothermic nature 
of the reaction until a final temperature of 1,200-1,300“ F 
(649-705’ C ) was reached In this manner it was possible 



Composition of Residue Gases from Benzole Pyroiysis 

Processes. 

By the treatment of C* and C 4 hydrocarbons at pressures 
of 5-100 lb persq in and temperatures of 750-900“ C at 
suitable throughput rates, single pass treatment is sufficient 
and recyclmg can be avoided Under these conditions the 
exit gas from the product stabilizers has the following 
average composition [17, 1934] 

Hydrogen 10-25 % volume 

Methane 50-60% „ 

Ethylene 20-25% 

Ethane 0-10% . 

This gas IS a refractory pyrolysis stock, but the ethane- 
ethylene fraction may be treated m this way after separation, 
or It may be subjected to polymerization The hydrogen- 
methane fraction constitutes an ideal feed for hydrogen 
manufacture by well-known processes 


Properties of Tars Produced (i.e. liquids boiling above 

200“ C.). 

The tars produced m the benzole pyrolysis reaction con- 
sist almost entirely of polynuclear aromatic hydrocarbons, 
naidithalene and anthracene predominatmg, and are sohd 
ciystalhne masses at ordinary temperatures They consti- 
tute valuable sources of the higher aromatic hydrocarbons, 
and by destructive hydrogenauon may be converted, with 
good yield, into gasohnes of 90-100 octane number havmg 
very low freezuig-pomts and good blending properties [18, 
1936]. 


to obtain a highly aromatic distillate from which gasoline 
having an octane number of approximately 100 could be 
produced It was also possible to produce relatively pure 
aromaUc hydrocarbons (benzene, toluene, and naphtha- 
lene) by simple fractionation after a light acid refinmg 
treatment 

Podbielmak [95, 1931] conducted pilot plant-scale tests 
on the pyrolysis of stabilizer gases The plant used com- 
prised a furnace, having separate convecUon and radiant 
sections, a water-spray cooler for cooling the pyrolysed 
gas, a scrubber for the removal of carbon and suspended 
tar, and a compressor installation for the recovery of 
the light oils produced The maximum capacity of the 
furnace was 25,000 cu ft per day For the optunum yield 
of benzole and heavier aromatics from gases consistmg 
mamly of propane outlet temperatures of 1,650-1,700“ F 
(899-927° C ) were necessary No details regarding re- 
action times or space velocities employed are available 
The yields of total oils realized ranged from 0-99 to 2 7 
US gal per 1,000 cu ft (=0 825-2 25 imp gal per 
1 , 000 cu ft) 

A gas containmg 77 6 % CH*, 6 9% C,H„ 10 1 % C,H„ 
and 5 4% C 4 -F gave an oil yield of 0 41 imp gal per 
1,000 cu ft at 899“ C 

The published work of Stanley and Nash [99, 1929] is 
concerned entirely with the pyrolysis of methane Tempera- 
tures of 1,000-1,200“ C were employed and the space 
velocities ranged from c 5(X) to 10,000 The best yields of 
higher hydrocarbons were obtained at a temperature of 
1,130° C , a reaction time of c 0 6 sec , and a space veloaty 
of 6,400 Under these conditions the best yield of hght oU 
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and tar was 1 1 %, whidi compares well with Hague and 
Wheeler’s figure of 8 8% 

The work of Smith et al [97, 1931] is also concerned 
entirely with methane The best results obtamed, over a 
temperature range of 1,000 to 1,260° C (space velocities 
not stated) averaged 0 3 gal oflightoil plusO 25gal of tar 
per 1,000 cu ft of methane treated This is approximately 
equivalent to a 9 8 % total oil yield The light oil contained 
about 86% benzene and about 2% of liquid boiling below 
73° C — ^probably consisting partly of unsaturated hydro- 
carbons The tar contained naphthalene, anthacene, and 
pyrene 

FroLch and Wiezevich [24, 1935] have described tests on 
propane at 88° C in which the maximum oil yield was 
3 7 imp gal per 1,000 cu ft of gas treated Of this the 
yield of light oil was 1 27 imp gal The corresponding 
yields of Hague and Wheeler [28. 1929] were 3 25 and 2 4 
imp gal , respectively A gas containing 60% propane, 
18 6% ethane, and 13 4% propylene gave at 900-960° C , 
a total oil yield of 1 4-1 5 imp gal per 1.000 cu ft , of 
which 70-75 % boiled below 220° C , and slightly less than 
50% of the total product was benzene The exit gas in- 
creased m volume 60-70% and contained 30-40% un- 
saturated hydrocarbons Frolich and Wiezcvich found 
that increasing pressure caused a change in chemical 
composition from the aromatic type obtained at sub- 
stantially atmospheric pressure to a decidedly non-aromatic 
material resulung from operation at higher pressures 

The work of Cambron and Bayley [10, 1933-4] was also 
concerned with the treatment of propane These mvesu- 
gators used temperatures ranging from 850 to 1 .046° C , and 
space velocities from c 280to 1,230 The best liquid yield was 
obtained at 950° C (space velocity c 800), and amounted 
to 29% by weight, of which 70% boiled within the gasohne 
range By recirculaUng the exit gas and using turbulent 
flow conditions approximately the same liquid yields were 
realized at 800-810’ C The gasoline fraction contained 
about 64% benzene, 14% toluene, 7 8% styrene, and small 
amounts of cyclopentadiene, xylenes, and higher aromatics 
The liquids boihng above 200° C contained about 25% 
naphthalene and 12 5 % anthracene together with smaller 
amounts of mono- and di-methyl naphthalene, acenaph- 
thene, and phenanthrene 

The Alco Pyrolysis Process for the Production of 

Aromatics. 

Alco Products, Incorporated, are licensing agents for so- 
called ’Polymenzation’ processes developed by the Pure 
Oil Company, Chicago One of these processes is, accord- 
ing to the nomenclature adopted in this anicle, a pyrolysis 
process, and the products obtained consist pnmanly of 
aromatic hydrocarbons The process has been desenbed 
[15, 1935] as a high-temperature — low-pressure operation, 
the conditions being 1,150-1,300“ F (621-704° C) and 
pressures of the order of 50-250 lb per sq in gauge Feed 
stocks of a saturated or unsaturated nature may be 
processed 

A flow diagram of the process is reproduced in Fig 4 
A hquid feed is shown, but a gaseous feed could be handled 
by substituting compressors for the feed pump A feature 
of the process is t^t the reaction coil is unheated and 
situated outside the furnace, the operation bemg the same 
as that desenbed by Wagner [105, 1933] The exit gases 
from the reaction coil are suddenly quenched by the re- 
ciychng of overhead material from the tar separator, and 
the plant includes convenUonal product stabilizer equip- 


ment and an absorber operatmg on the residue gas Recycle 
material to the furnace is drawn from the reflux accumu- 
lator on the product stabilizer 
The yields of distillate obtamed by this process arc shown 
in the results reproduced in Table III Saturated feed 
stocks behave similarly and give similar products 
Table m 

Typical Results — Alco Pyrolysis Process [15, 1935] 
Once through operation — no recycle 

Absorber j Stabilizer 

resului ! overhead 

Feed I gas | gas 

Properties of feed \ \ 

Sp gr (air - 1) ! 0 79 ! 1 352 

Unsaturateds, % j 39 4 I 79 6 


Conditions of operation I 

Coil outlet, “ F 1,265 1,175 

I (685“ C) (635“ C) 

,. „ lb persq in 60 | 55 

Residue gas I j 

Sp gr (air =1) ' 0 72 | 0 86 

Unsaturated!,, % I I 34 5 

Cu ft per cu ft input { 0 85 0 46 

Distillate produced I 

U S gal per 1 000 cu ft ' 1 75 I 9 8 

Imp gal per 1,000 cu ft 1 46 8 15 

Gravity, “API ' 216 i 26 4 

Sp gr , 0 929 I 0 896 

MH)iImgto350'r (176 7“C) 76 , 68 

Properties of $50 F t P distillate I | 

Octane number (C F R Motor) { 102 | 86 

IBP.“C I , 49 

10%disUlluteat(“C) I | 78 

30 % „ ' 88 

50% .. ' ' 96 


90% 

FBP, C 

Estimatixl distillate yield by recycle opera- 
tion, unp gal per 1,000 cu ft 
Figures calculated from above data by the 
author of this paper 
Feed 

Mean molecular weight 

„ „ of olehne content 

Residue gas 

Mean molecular weight 

„ ., ., of olefine content 

Per 1, 000 cu ft input 
Olefines in, cu ft 
„ lb 

Olefines out, cu ft 
„ lb 
Distillate, lb 

Distillate yield, % of olefines destroyed 
(wt) 

Distillate yield, % on mput (wt ) 

Estimated distillate yield on recycling as 
% (wt ) of olefines in change 

Figures mcluded m Table III mdicate that this process 
gives a product the amount of which corresponds closely 
with the amount of olefines destroyed (le olefines m 
minus olefines out) On the other hand, completely satu- 
rated feed stocks, consisting of propane and butanes, may 
be satisfactorily handled by this process 
Regardmg the products obtamed, the octane numbers 
are high, rangmg from 85 to 105 (C F R Motor method) 
The blmdmg octane numbers m low octane number bare 
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spirits range from 105 to 125 The products are aromatic 
m character and therefore of rather low volatility Fig 5 
shows a True Boilmg-Point Distillation curve of the pro- 
duct and also specihc gravities and refractive indices of 
5% fractions [93, 1936] The benzene content is approxi- 
mately 30%, and toluene approximately 24% 

Thermal Processes for the Polymerization of Olefines 
The Alco Polymerization Process. 

The most important thermal polymerization process m 
use at present is that developed by the Pure Oil Company, 
Chicago, and hcensed by Alco Products, Inc , and recently 
descnbed by Cooke, Swanson, and Wagner [15, 1935], and 
mdependently by Wagner [105, 1933] The temperature 
range employed is 900-1,000° F (482-538° C) and the 
pressure 600-800 lb The feed is heated under these condi- 
tions m a conventional pipe heater and discharged mto a 
reactor, which is cooled in order to absorb the exothermic 
heat of reaction, and the products are then chilled by mjec- 
tion of either cold gas or oil The reaction is normally 
checked at about 60-70 conversions per pass, necessitating 
a recycle ratio of about 1 5 to 1 A typical flow diagram is 
shown m Fig 5 It is usually preferred to operate on a 
liquified gas-feed, to eliminate methane and ethane from 
the feed as far as possible, and to concentrate the active 
olefine (propylene and butylene) Many advantages result 
from this procedure (1) lower power costs due to the large 
reduction m horse-power required for the compression of 
the gaseous feed, (2) reduction m plant capital cost due to 
reduction in size of ^e several pieces of plant equipment as 
a result of ehminatmg the inacuve gas from the cycle, 
(3) uniform control of the reaction is simplified. The pro- 
cess of prepanng the feed stock consists either m absorbing 
the hig^r molecular weight constituents of cracked gas and 
recovering them from the absorbing medium under high 
pressure m the hquid state, or m separatmg and fractionat- 
ing duectly under pressure, this requiring compression of 
the cracked gas and fractionation of the conden^ portion 
When using these methods, the amount of ethylene m the 


charging stock is relatively small Typical results obtained 
by the Alco Thermal Polymerization process are detailed 
in Table IV 

Table IV 

Typical Results— Alco Polymerization Plant [15, 1935] 



1 Giro residue 

1 Liquid 

Feed 

I gas 

feed 




Properties of feed 



Sp gr (air = 1) 

1 06 

1 51 

Unsaturateds, ", 

47 2 

1 494 

Recycle ratio 

Once through 
operation 

1 75 

Residue gas 


Sp gr (air-^ 1) 

0 87 

. 101 

Unsaturateds, 

18 4 

, 22 0 

Cu n percu ft feed 

0 80 


Liquid products 


! 

US gal per 1,000 cu ft charge 

44 

1 11 8 

Imp 

3 67 

9 83 

FP gasoline 



US gal per 1,000 cu ft charge 

37 

88 

Imp „ „ 

308 

1 7 53 

Gravity, ° API 

52 4 

1 55 0 

Sp gr 

0 769 

0 759 

% of total liquid 

84 0 

75 0 

IBP.'C 

35 6 

32 2 

10% distillate at("C) 

57 

41 

30% ,. 


. 63 

50% 

104 

83 

80% 

150 


90% 


162 

FBP,«C 

215 6 

203 

Octane number (C F R Motor) 


76 

Fueloil 



Gravity, ° API 


80 

Sp gr 


1-04 

U S gal per LOCO cu ft 

07 

30 

Imp 

0 58 

25 

Conversion of unsaturateds to total 



bquids, % 

78-0 

86 7 

Conversion of unsaturateds to gaso- 



line. % 

63 

•• 
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Die following product properties have been given by 
Wagner [105, 1933] Octane ratings are referred to again 
later 

Condensate [ Gasoline 

Gravity, 'API 53 7 j 56 5 

Sp gr 0 768 , 0 753 

IBP,°C 29 1 33 

10% distillate at (“C) 43 I 53 

20% 58 I 63 

30% , 73 ' 74 

40% „ . 86 I 83 

50% „ .. 98 94 

60% „ .. 113 1 106 

70% „ 1 126 I 120 

80% , ! 164 I 138 

90% , „ I 213 164 

F B P , C ' 203 

Residue, % | 8 7 | 1 0 

Reid vapour pressure, lb per sq i 

in at 100° F I IIS 100 

Octane no 

C F R Research method ' I 96 

C F R Motor method [ 78 

Wagner has described tests on various cracked gases at 
600-1,000 lb pressure and 647-951° F (342-511° C) 

Work conducted by the Anglo-Iranian Oil Company 
[18, 1936] 

A flow diagram of the semi-scale plant employed by the 
Anglo-Iranian Oil Company m their investigations of the 
non-catalytic polymerization process is reproduced in 
Fig 6 The feed stocks examined ranged from vapour- 
phase cracked gases to stabilizer overheads These were 
fed to the plant by compressor and pump, respectively, and 
passed through a preheat coil and reactor in senes, and 
thence, to a cooler, high-pressure separator, and product 


stabilizer The plant designed was capable of operation at 
temperatures up to 650-’ C and at pressures up to 4,500 Ib 
per sq m , so that the reaction vanables could be studied 
over a wide range 



Fio 6 Flow diagram Anglo-lraman Oil Company’s semi-com- 
mercial thermal polymerization plant 


As in the case of pyrolysis to benzole, it was found that 
desulphurization of the feed stock was desirable in order to 
avoid corrosion and the fixation of the sulphur in the pro- 
duct in the form of mercaptans and sulphides, with resultant 
increased refinery difficulties 
It was not found necessary to heat the reactor, in fact, 
when operating at high conversions per pass, considerable 
difficulty was experienced in preventing the reactor tem- 
peratures getting out of control, and means for sudden 
chillmg were adopted Careful temperature control was 
found necessary to avoid the formation of coke Another 
factor controlling the amount of coke deposition was the 
time of reaction When this was prolonged to get high 
conversions per pass, coke formation readily occurred, but 
by limiting the conversion per pass to 60-70% this was 
prevented This necessitates the use of a recycle system if 



SPACE PER HOUR 

Fio 7 Thermal polymerizabon of stabilizer overhead The effect of inlet gas rate and temperature on conversion at 800 lb 
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Fic 9 Thermal polymerization of stabilizer overhead Results obtained at 2,000 lb 


the optimum yields are requued, and agrees with the 
expenence of Alco Products 
A selection of typical results obtamed are given in 
Figs 7-9 These show the effect of pressure, temperature, 
and reaction time on conversion, and refer to a stabilizer 
overhead feed stock 

The process is an easy one to operate The reaction 
conditions are not unduly cntical, and are determined by 


the nature of the product required and the capital and run* 
rung costs of the plant. Under optimum conditions, the 
product contains about 80% by weight of 200° C end- 
pomt distillate, the remainder bemg a residue of little value 
as a high*spe^ Diesel fuel, but a satisfactory stock for 
cracking or destructive hydrogenation Unfortunately the 
gasohne produced under the most favourable conditions 
IS little superior to normal cracked spint m octane number. 
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and has an optimum value of 75-80 (C F R Motormethod) 
when produced at 480-550° C and 500-1,000 lb pressure 
In addition the lead responses are poor At lower tempera- 
tures the gasolme octane numbers are lower 
The most important effect of pressure in the thermal 
polymerization process is to increase the throughput 
capacity of a given size plant, but another valuable effect 
IS a reduction m the temperature necessary to effect a given 
conversion per pass 

Typical properties of thermal polymers produced from 
stabilizer overhead gas at 1,000-lb pressure and 510° C 
are set out in Table V 

Table V 


Crude F 
J00"C I Residue 
Crudi t LP I above 
pohmer distill^e | 2(Xr C 


Sp gr , 60” h 
IBP (“O 
2 % distillate al 


20% 

W% 

40% 

<0% 

60% 

70% 

80% 

90% 

FBP ("O 
% 100 C 
% 140" C 
%200°C 
% 300' C 
Total distillate 
Residue 


Anilme-pomt (° C ) 

Bromine number 
Freezing-point (' C ) 

Gum actual mg per 100 ml 
Reid vapour pressure at 100" F 
Octane number (C F R Motor) , 
„ „ (C F R Research) , 

Cetene number 


The gasohne fractions of thermal polymers produced from 
cracked feed stocks such as stabilizer overhead fractions, 
contauung both propylene and butylene, show no improve- 
ment m octane number on non-destructive hydrogenation 
However, the polymer gasolines may readily be refined to 
marketable products of most satisfactory quality [1 7, 1934J 

Combiimtion Pyrolysis— Polymerization Processes 

Two propnetary processes are m operation involvmg suc- 
cessive steps of pyrolysis and polymerization to produce 
polymer products from saturated gases When cracked 
gases are treated by these processes the yields of polymer 
products are higher than those that would be obtained from 
the olefine content alone, and it appears defimte that, under 
the conditions employed, crackmg of paraffins to olefines 
takes place at the same tune as olefines are polymerized 
The olefines formed by pyrolysis are polymenzed and the 
yi^ IS thoeby augment 

The two processes concerned are 

1. The ‘Umtary’ Process of PolymerizaUon Process 
Corporation Licensmg Agents, M W Kellogg Co 

2. The ‘Multiple Coil’ Process ofthe Pure Oil Company 
Licensmg Agents, Alco Products Incorporated 


The ‘Unitary’ Process 

The idea of conducting two distinctly different reactions, 
governed by different laws, under identical conditions of 
temperature and pressure is theoretically not attractive but 
the results claim^ for the ‘Umtaiy’ process are of con- 
siderable interest, particularly the contention that, under 
the conditions employed, a certain amount of alkylation — 
I e direct union of paraffins with olefines — stakes place 
The process is described in the literature [70, 1935-6], 
and a simplified flow diagram is reproduced in Fig 10 
The practicability of the operation was fully demonstrated 
by experimental work cam^ out at the Alamo Refinery of 
the Phillips Petroleum Company at Borger, Texas, which 
has been in commercial operation for an extended penod 
The operating schedule between shut-downs for cleanmg 
vanes from 50 to 60 days The feed stocks which may be 
handled by the process vary from propane or butane, or any 
mixture of these, to a complex mixture of €«, C„ and C« 
hydrocarbons in which the unsaturated content may be as 
high as 80% The flow diagram shown in Fig 10 is repre- 
sentative, but the gas recovery system, not shown in detail, 
vanes with the type of feed handled and the recycle ratio 
required According to the limited information available, 
the reaction conditions range from 800 to 1,100° F (427- 
593° C ) and 800-3,000 lb pressure 

Table VI 

‘ Umtary' Polymerization Process Once through operation 
Pilot Plant results 


Run no 

1 1217 / 

; /2I7-2 

1217-3 

1 Reaction conditions 

Pressure, Ib per sq in giiuge 

800 

1 800 

800 

lemp.'F 

! 800 

800 

800 

Temp °C 

1 427 

1 427 

427 

2 Feed stock, g per hour 

1 667 

635 

1,327 

Analysis, g per hour 




CH, 

1 1 

1 

2 

C,H. 

1 19 

18 

37 

C.H. 

1 170 

162 

339 

C.H„ 

1 85 

81 

169 

CH 

19 

1 * 

39 

C.H, 

5 

4 

9 

C.H. 

155 

148 

309 

C.H, 

172 

163 

342 

C.H., 

41 

39 

81 

3 Liquid products, g per hour 

213 

211 

546 

4 Gaseous product, g per hour 

454 

424 

781 

Analysis, g per hour 




H. 

2 

1 

2 

CH, 

6 

5 

12 

C.H. 

14 

17 

13 

C,H, 

120 

113 

161 

C.H., 

68 

71 

120 

CH 

19 

18 

39 

C.H. 

5 

3 

4 

C.H. 

92 

79 

123 

C.H. 

109 

109 

228 

C.H„ 

1 19 

8 

79 

S U nsaturated hydrocarbons con- 




verted, g per hour 

148 

155 

307 

6 liquid production as % wt of 




olefines converted 

144 

136 

178 

7 Liquid required from saturated 




hydrocarbons, g per hour 

: 65 

56 

239 

8 Potential liquid yield from 




saturateds 

55 

46 

197 


With regard to the results obtained by this process, m 
Table VI are reproduced figures relatmg to tests made on a 
pilot plant on a once throu^ basis (i e no recycle) and on 
crack^ 0-^4 feed stocks It is evident from these figures 
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that the amount of liquid produced is greater than the 
amount of olefines converted— i e some of the hquid pro- 
duced must have its origin in the paraffins in the feed 
Keith and Ward [70, 1935-6] have assumed that, if the 
paraffins decomposed to give olefines, which subsequently 
polymenzed, the yields of polymer from these paraffins 
would not be greater than 93 4%, 79 S %, and 67 S % of the 
ethane, propane, and butane, respectively The figures 
given in Table VI for ‘potential hquid yield from saturateds’ 
are calculated on this basis Because the liquid yields 
actually obtained from the saturated hydrocarbons m the 
feed are shghtly greater than the calculated yields, obtamed 
m this way, Keith and Ward have assumed that alkylation 
reacuons proceed 


present in the feed), to give a 90% hquid yield It can be 
assumed that all paraffins give a 60% wt yield of olefines 
on pyrolysis 

Calculated yield figures, on this basis, are given in item 
8 of Table VII These do not support the opinion that 
alkylation reactions occur to any appreciable extent 

Properties of Products. 

The properties reported for the products obtamed by the 
Kellogg Unitary Process are summarized m Table VIII The 
properties of the gasoline fractions vary widely as functions 
of feed-stock composition and operatmg conditions The 
use of a feed stock high in unsaturateds (65-70 % by volume) 
at high conversions to hquid per pass appears to result in 



Fio 10 Flow diagram 'Unitary polymerization process 


This contention is not proved by the figures in Table VI 
Firstly, the assumptions regarding the maximum polymer 
yield from the saturated hydrocarbons are not valid, 
because the pnmary or secondary products of the paraffin 
decomposition would certainly take part in the polymeriza- 
tion reaction before they had tune to be converted mto 
stable lower paraffins Secondly, if these assumption^ 
are valid, the small ddferences between items 7 and 8 m 
Table VI would suggest that small experimental errors are 
mvolved The difiTerences between items 7 and 8 vary from 
1 5 to 3 1 % of the feed, both quantities bemg m grams 
per hour— a quantity well withm the normal experimental 
errors involved in analyses and plant balances of this type 
Keith and Ward [70, 1935-6] have also stated that the 
polymer products contam iso parafim, but no evidence m 
support of this statement has yet been presented 
Results obtamed in recycle operation on stabihzer reflux 
feed are reproduced in Table VII Of particular interest is 
the high yield of hquid product obtain^ and also the high 
gasoline content of the liqmd product With regard to the 
extent of decomposition of the paraffin constituents of 
the feed stocks listed m Table VII, it is noteworthy that 
the figures given by Keith and Ward for total liquid yield 
correspond very closely to those which would be obtamed 
if the paraflSns decomposed to olefines and these olefinn 
then polymenzed (together with the ongmal olefines 


a product higher m specific gravity and lower m paraffin 
content than does one m which the unsaturated content lies 
between 15 and 35% by volume Aromatics and mono- 
olefines appear to be predommant m products from highly 
unsaturated feed stocks The matenal resulting from 
operation on stabilizer reflux feeds contammg 30-8% of 
unsaturateds has a specific gravity of 0 724 to 0 739 when 
stabilized to a Reid vapour pressure of 10 5 lb Its 
composition is paraffinic rather than olefinic or aromatic 
The products are very volatile, averagmg 70-80% by 
volume boilmg up to 100° C The neat octane numbers 
(CFR Motor method) are rather higher (79-82) than 
those normally obtained by olefine polymenzation, but this 
1 $ no doubt due to the low average boilmg-pomt and 
molecular weight of the ‘Umtary’ products 


The Alco ComUnation Pyrolysis— Polymerization Unit, 
i.e. ‘Multiple Coll’ Process, 
hi contradistinction to the Kellogg * Umtaiy’ Process, the 
process devetoped by the Pure Oil Company and Alco 
Products Incorporated, for the treatment of both saturated 
and unsaturated gaseous feed stocks mvolves separate pyro- 
lysis and polymenzation steps m separate furnaces and 
reaction coils, each step behv carried out under its own 
optimum conditions [15, 1935] 
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TABt£ VII 

Unitary Process Recycle Operation on Stabilizer Reflux and Other Similar Feed Stocks 


Run no 

1 Reaction conditions 
Pressure, lb per sq ii 


2 Feed stock 

Net feed. % wt 
C,H, 

C,H,. 

C,H. 

C.H, 

Gross feed, % vol 

C.H. 

C,H, 

C.H.. 

C,H. 

C.H. 

C.H. 

3 ‘Net’ yield, % wt 

4 ‘Net’ yield, % wt of unsaturaieds in fresh 

feed 

5 U S gal of liquid product per 1,000 cu ft 

net gaseous feed 

6 Imp gal of liquid product per 1 000 cu ft 

7 Yi eld, % wt 392° F t P gasoline 

8 Theoretical yield calculated as follows 

Liquid yield - % olefines in feed v 0 9 i 
% paraffin in feed x 0 6 v o 9 


‘ C.H, 3 6 

88 8 , S3 
(Iso) 7 6 47 


64 5 I 58 2 j 


117 14 07 

9 75 11 73 

521 594 


70 2 I 706 I 69 5 


Table VIII 

Properties of Products 'Unitary' Polymerization Process 
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For example, in the treatment of a stabilizer overhead 
gas contaming about 30% of olehmc constituents the gas 
IS first of all subjected to a polymerization reaction under 
the most favourable conditions for the conversion of propy- 
lene and butylene to polymer gasohne In this step the 
charge— normally available in the hquefied state, is heated 
to the proper temperature, and enters the reaction coil 
which is designed to give the required temperature reaction 
time effect Coohng means are provided to keep the 
temperature within the proper limits The reaction pro- 
ducts, immediately upon leavmg the coil, are chilled to stop 
any further reaction, and simultaneously are cooled to a 
temperature low enough so that heavier products are 
dropped out in the tar separator Gases, distillate vapours. 


secondary polymenzation coil, and submitted to a high- 
temperature — low-pressure reaction The chilhng of the 
conversion product, tar separation, condensmg of chillmg 
medium, is analogous to the method used m the pnmary 
polymerization step Since the reaction products contain 
a high percentage of hydrogen and methane, recovery of 
polymer distillate carmot be effected by condensation under 
the low operating pressure Recovery may be accom- 
plished by compression and subsequent condensauon 
However, in most cases it is believed that absorption is 
more economical All polymer distillate distilled from 
the absorption oil is accumulated and fed, together with 
the pyrolysis distillate, to the secondary fractionator The 
bottom product from this unit is stabilized to desired 



Fig 1 1 Alco multiple coil combination pyrolytit Polymerization plant 


and chilhng medium forming the overhead from this 
separator are refluxed for end-pomt control The total 
overhead passes to a cooler and accumulator where the 
chillmg medium, polymerized distillate, and a portion of the 
gaseous constituents are condensed The uncondensed 
gases and vapours from the accumulator are passed 
directly to the gas-pyrolysis umt, where the saturated hydro- 
carbons are cracked to give the optimum yield of olefines 
A portion of the condensate from the accumulator is 
used as the chilhng medium previously referred to, and the 
remamder, eqmvalent to the condensed products of re- 
action, IS pumped to the fractionating unit In this umt the 
polymer distillate is stabihzed to desired specifications, and 
all gaseous compounds — includmg excess €« constituents 
not desired in the finished distillate— are taken overhead 
and form additional feed to the gas-pyrolysis coil 
In the gas-pyrolysis coil the charge as recovered m the 
pnmary polymenzaUon step is heated to a temperature in 
excess of 1,300° F A reaction time as short as possible is 
desued to prevent the unsaturateds once formed from enter- 
ing secondary reacUons leadmg to the formation of tar 
The producte of reaction are chilled to a temperature low 
enough to bquefy compounds in the fuel-oil and tar range 
Gases, distillate vapours, and vaponzed chilhng oil pass 
overhead from the tar separator to a condenser and accumu- 
lator, where the chilhng material is condensed The gas 
remaming after compression and cooling is charged to the 


specifications, and the light overhead material is passed 
directly under its own pressure to the pnmary polymeriza- 
tion unit as recycle 

The bottoms from the vanous tar separators are com- 
bmed, heated, and then stripped of all fracuons of gasolme 
of boiling range 

A unit of the type described above is very flexible, and 
ensures a high yield of distillate for charging stocks varymg 
widely m composition 

A flow diagram of the Alco Multiple Coil Unit is repro- 
duced in Fig 11 No details of the products are available, 
but It may be assumed that the gasolmes produced m each 
separate step are the same as those produced m the Alco 
polymerization and pyrolysis umts, respectively These 
have already been descnbed 

Catalytic Polymerization Processes 

A recent development of considerable importance is 
the growth of catalytic polymenzation processes for the 
production of gasolines and lubncaung oils These are 
now m commercial operation The former application is 
alone considered here 

The polymerization reacUons of the lower olefines in the 
absence of catalysts have been fiilly described above, and it 
remains to consider the dianges that are brought about by 
the use of catalysts of difierentkmds In general it may be 
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said that the use of an efficient catalyst enables lower 
temperatures and pressures to be employed, and often, as 
a result of this, secondary reactions by which the poly- 
merized olefines are converted into non-olefinic hydro- 
carbons are often suppressed On the other hand, some 
catalysts, particularly aluminium chloride, have pro- 
nounced isomerization activity, and yield products which 
are predominantly saturated in character 

It IS convenient to consider difierent types of polymeriza- 
tion catalysts separately and to compare their activities and 
peculiarities 

The active polymerization catalysts may be classified as 
follows 

(a) Metals and certain non-metals, 

(b) Metal oxides, 

(c) Neutral salts, 

id) Adsorbents, c g flondin, active carbon, silica gel, 
&c , 

(e) Metal halides, 

if) Inorganic acids, and acid inorganic salts, 
and each may be considered with reference to the various 
gaseous olefines and gas mixtures contaming these available 
for commercial use 


id) Metals and certain Non-metals. 

Nearly all metals accelerate the decomposition of 
gaseous olefines into parafiins of lower molecular weight, 
carbon and hydrogen, consequently their polymerization 
activity IS slight The marked activity of nickel and cobalt 
m this direction has already been indicated On the other 
hand, mckel is a satisfactory catalyst for the polymerization 
of acetylene in the presence of hydrogen at temperatures 
up to 300° C [94, 1934-5] Alumimum and magnesium 
also promote scission, but are much less active than nickel 
and cobalt Iron and copper also accelerate decomposition 
and hkewise platmum and palladium In the case of iron, 
some polymenzation activity on the lower olefines has been 
observed at 350° C and above, but this has always been 
accompanied by decomposition [106, 1927] Deposition of 
carbon upon it very soon stops its polymerization activity 
Molten sodium has a polymerizing effect on ethylene at 
150° C Walker [106, 1927] obtained a colourless liquid 
polymer in this manner, but the sodium had no lasung 
activity because it was readily converted into ethylene 
sodium carbide Sodium is used industrially in the cata- 
lytic polymenzation of diolefines and acetylene derivatives 
to produce synthetic resins, &c 
Some metals, when employed m a finely divided condi- 
tion, accelerate the polymenzation activity of aluminium 
chlonde and phosphoric aad and sulphuric acid 
The patent hterature contains many references to poly- 
merization reactions carried out in the presence of metals 
claimed to have catalytic effect and employed in the form of 
coherent surfaces The following are typical examples 

(i) Copper and silver [84, 1932] and gold [38, 1928] 

(ii) Catalysts contaimng metals resistant to heat super- 
ficially coated with a metal selected from the group 
tm, zme, alunumum, and chromium [40, 113, 
1933] 

(ui) Metals of the 8th group of the FenodicTable, capable 
of adsorbing gases m considerable quantity, eg 
platmum or palladium sponge [105, 1933] 

(iv) Metals of the 8th group, either alone or admixed 
[14] 


ib) Metal Oxides, &c. 

Very few of the metal oxides exhibit catalytic effect on 
polymerization reactions unless they are used m the form 
of adsorbent gels Where catalytic effect is evident it is 
usually towards decomposition Thus titania has been 
reported [22, 1917] to cause decomposiUon of ethylene 
at 490° C On the other hand, Ipatieff [43, 1911-12] 
has claimed alumina to possess pronounced catalytic 
activity in the polymerization of ethylene at 70 atm and 
375° C , whereas it decomposes isobutylene into hydro- 
gen, propylene, and lower paraffins at 550-600° C [42, 
1903, 58, 1907-8] Probably a difference in physical state 
of the alumina accounts for these contradictory observa- 

Egloff and Schaad [21, 1933] failed to observe any cata- 
lytic effect of alumina (prepared from both the mtrate and 
sulphate) in the pressure polymerization of ethylene at 
380’ C and 130-40 atm pressure 

A claim has also been made for the condensation of 
hquid hydrocarbons rich in naphthenes with ethylene under 
pressure in the presence of oxides of the heavy metals, 
molybdic oxide teing specially referred to [2, 1934] 

A catalyst of the composition 4NiC>-2Al,0*-Cu0 has 
been found to accelerate the explosive decomposition of 
ethylene at 330° C and 143 atm pressure [21, 1933] 

Dunstan and Howes [18, 1936] have described tests made 
on the polymerization of a stabilizer reflux hquid contam- 
ing 26% propylene and 45 % butylene at 200-350° C and 
150 lb pressure in the presence of various metal oxides 
Chromium oxides (CrO* and Cr,C^), molybdic oxide 
(MoO,), uranium trioxide, vanadium pentoxide, and titania 
were found to possess little activity Alumina deposited 
on sihea gel was found to be slightly active and not to de- 
teriorate rapidly in use On the other hand, tungstic oxide 
(WOa) was found to possess defimte activity and at 230- 
250° C and 85-1 30 lb pressure gave an appreciable yield of 
liquid polymer However, the catalyst deteriorated rather 
rapidly, due to reducuon to the lower blue tungstic oxide 
(WfOs)— which IS inactive In this connexion it is of mterest 
to note that calcium oxide is not reduced by ethylene, but 
feme oxide (FetO,) is completely reduced at 500° C , zinc 
oxide at 800-900° C, and lead oxide at 600° C [106, 
1927] Many heavy metal higher oxides, eg those of 
molybdenum, vanadium, and uranium, are easily reduced 
by gaseous olefines and paraffins to the corresponding 
lower oxides at quite low temperatures — e g 150-300° C 

Waterman et al [107, 1934-5] observed that a catalyst 
comprising alumina on silica gel and activated at 350° C 
was active in the polymenzation of isobutylene m the 
vapour phase at temperatures up to 40° C 


(c) Neutral Salts. 

Very few morgamc neutral salts possess any catalytic 
activity with regard to the polymerization of olefines The 
neutral phosphates possess some activity, and these are 
referred to in detail later in a discussion on phosphoric 
acid catalysts Zme antunonate and copper borate have 
been mentioned as bemg eflective catalysts, and also 
potassium dichromate [84, 1932] Cuprous chlonde is an 
important ingredient in catalyst mixtures employed for the 
conversion of acetylene to vmyl acetylene [101, 1933], but 
has no polymenzmg action on the lower mono-olefines 
[18, 1936] Some neutral salts have a promoter action m 
the polymenzation of olefines by morgamc acids 
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(d) Adsorbents, e.g. Floridin, Active Carbon, Silica 
Gd, &c. 

The pronounced polymerizing activity of the common 
adsorbents is well known The first pubhshed work on 
the polymerizing action of floridin and other finely divided 
sihceous earths is that of Gurwitsch [27, 1923, 1926], 
who treated amylenes with these materials at normal 
temperatures and found that heat was evolved and diamy- 
lenes, tnamylenes, and higher polymers were formed In 
1925 Lebedev and Filonenko [72, 1925] from a study of the 
polymerization of olefines by flondin at ordinary pres- 
sure, advanced the generalization that only those olefines 
are polymerized which are derivatives of the asymmetrical 
di- or tn-substituted ethylenes of the types RR'C==CHi 
and RR'C^CHR", while the mono-substituted or sym- 
metncal di- and tetra-substituted olefines do not poly- 
merize even alter long periods of time in the presence of 
this matenal In agreement with this generalization these 
workers found that propylene was unattacked by flondin, 
wdiereas isobutylene was readily polymenzed At a later 
date (1928) Van Winkle [102, 1928-9] found that although 
propylene did not change in contact with activated flondin 
at ordinary temperatures and pressures, it did undergo 
condensation at increased pressure After allowmg liquid 
propylene to remain m contact with flondin for a few 
months, the dimers and trimers were formed, but after 1 
year’s contact the products contained no dimer but only 
higher polymers The polymenzation of isobutylene in 
the presence of activated flondin is, to some extent, a 
reversible reaction Lebedev and Kobltanski [73, 1930] 
found that isobutylene polymerized readily in the presence 
of floridm (activated by heating to 300* C) even at 
— 80*C At room temperature the polymerization was 
very rapid, but it was retarded at temperatures of 200® C 
and above The products obtained by allowing hquid iso- 
butylene to stand with flondin for 4 days at normal 
temperatures contained no di-isobutylene, but only higher 
polymers With much shorter reaction times appreciable 
quantities of di-isobutylene were fonned 

Lebedev and Kobbanski [73, 1930] also made tests on 
the depolymenzation of isobutylene polymers using the 
same catalyst At 200° C the pentamer decomposed mto 
a mixture of the trimer and the duner, the tetramer mto two 
molecules of the duner, the trimer into the dimer and iso- 


butylene, and the duner into two molecules of isobutylene 
Itself In all cases some monomenc isobutylene was pro- 
duced, attnbuted in the case of the higher polymers to pro- 
gressive dissociahon of the initial duner and tnmers 
Di-isobutylene is the most stable polymer Further work 
on the depolymenzation of tri-isobutylene m the presence 
of activated flondin has been published by Leb^ev and 
Livshitz [75, 1934], who found that dissociation began 
measurably at 50° C , with 99 % decomposed at 1 80-190°C 
to give di-isobutylene and isobutylene A part of the di- 
isobutylene formed was polymenzed with the formation of 
a tetramer and higher polymers Butene-2 yields 80-5% 
of polymendes when left m contact with flondin at normal 
temperatures for 6 months [76, 1935] 

In the case of isobutylene, the extent of polymerization 
m the presence of flondin increases to a maximum as the 
temperature is decreased to — 60°C, and the molecular 
weight of the product also increases Polymers of mole- 
cular weight up to 12,000 have been produced by low- 
temperature polymenzation with floridm [71, 1935] The 
polymenzauon and depolymenzation of amylenes under the 
influence of flondm has also been reported on [77, 1928] 

An important contnbution on the polymerization of 
propylene, in the presence of vanous adsorbents, to hquid 
hydrocarbons of gasoline boihng range has been made by 
Gayer [25, 1933], who found that at 350° C and atmo- 
spheric pressure dehydrated flondin possesses considerable 
catalytic activity The activity was (bund to increase after 
treatment with hydrochloric acid, and a precipitated porous 
silica containing adsorbed alumina on its surface was found 
to be 20 times more active than the best sample of activated 
flondin prepared On the other hand, synthetic feme and 
magnesium sihcates and precipitated silica were found to 
be quite inactive 

Selected results obtamed by Gayer are reproduced m 
Table IX Each of the catalysts menuoned deteriorated 
rapidly m activity, but the useful hfe was extended by the 
addition of small quantities of hydrochloric acid to the 
propylene undergomg treatment 

With regard to the hquid polymers obtamed by Gayer, 
approximately 84% by weight boiled below 220° C , and 
the stabilized crude product had the following properties 
C 0 70-0 71 
< 1 405-1410 


Table IX 


Catalytic Polymerization of Propylene at Atmospheric Pressure in the Presence of Adsorbents (Gayer [25, 1933]) 
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Bromine number (g Br per 100 g oil) I SO-S Fractional 
distillation gave the following figures 

°c •iwl 

25-50 6 25 

50-80 34 5 

80-100 13 8 

100-125 7 6 

125-150 10 0 

150-220 II 7 

The octane numbers of the crude product and of a 90% 
steam distillate were 91 and 87, respectively, by the C F R 
Research Method No mformation is available concerning 
C F R Motor Method knock ratings 

The product was not entirely olefinic, the olefine content 
of narrow fractions rangmg from 52 to 100% The non- 
olefimc portion was probably paraffimc in character Gum 
contents were very low 

According to Dunstan and Howes [18, 1936], alumina 
and sihca gels arc only slightly active compared with phos- 
phoric acid catalysts 

The patent literature contains several references to the 
use of adsorbents as catalysts in polymerization reactions of 
olefines of which the following may be mentioned 

(i) Polymerization of olefines and condensation of ole- 
fines with aromatic hydrocarbons in the presence of 
a hydrosilicate possessing a large surface and high 
porosity [39, 1930] 

(ii) Polymerization of olefinic gases in contact with sohd 
adsorbents at 177-400' C and 600-1,000 lb pres- 
sure Mention is made of fuller’s earth, activated 
charcoal, sihca gel, bentonite, partially hydrated 
silica, and sihcic acid compounds [104, 1933] 

(111) Polymerization of olefinic gases in the presence of 
an acid treated montmorillonitc type clay [29, 1936] 

(e) Halogens, Halogen Acids, and Metal Halides. 

The most important polymerization catalysts belonging 
to this group are the metal hahdes — aluminium chlonde, 
zinc chloride, and boron tri-fluonde These are very 
vigorous in their action and catalyse many deep-seated 
isomerization leaaions, with the result that the products 
obtained are not true polymenzauon products 

Aluminium Chloride and Zinc Chloride. In 1913 
IpaUeif and Routala [57] studied the effect of catalysts 
such as zme chlonde and alumimum chlonde on the 
polymenzation of ethylene under pressure In the presence 
of zuic chlonde at 70 atm polymerization proceeded at 
275° C , the bquid consistmg of pentane, iso-pentane, and 
the hig^r paraffins, as well as olefines contaimng 6-9 
carbon atoms Freshly prepared aluminium chlonde in- 
duced polymerization of ethylene at the same pressure at 
ordinary temperature, and at 200° C was so violent in its 
action that only a carbonaceous residue was formed Some 
years earher Heusler [31, 1896] found that unsaturated 
hydrocarbons were polymerized by the acUon of alumimum 
chlonde, and the polymenzation of amylene m the presence 
of this reagent was studied by Aschan [4, 1902] and also 
by Engler and Routala [23, 1909-10] The last-named 
investigators showed that the lower boiling products con- 
sisted chiefly of paraffins, the cydo-paraffins predominating 
m the fractions boiling above 175° C 

la 1928 Szayna [100, 1928-9] found that, at atmospheric 
pressure, ethylene reacts with difficulty with alumimum 
dilonde at 100 and 150° C , givmg rise only to small 
amounts of condensed products Under similar conditions 
other olefines underwent extensive polymenzation The 


lower boilmg liquid products obtained were chiefly 
paraffins, while the heavier fractions consisted of cyclo- 
paraffins together with small quantities of unsaturated 
hydrocarbons 

No explanation of the extraordinary activity of alumi- 
mum chlonde m promoting the polymenzation of olefines 
has been advanc^, but there appears no doubt that this 
process is another example of the Fnedel-Crafts reaction 
so applied to olefine hydrocarbons Any explanation of 
the reaction mechanism must take into account the 
formation of complex aluminium chloride-hydrocarbon 
compounds, which are, in the case of ethylene, decom- 
posable by water to give unsaturated hydrocarbons of the 
olefine type 

One of the most complete investigations on the poly- 
merizing action of aluminium chlonde is that describ^ by 
Stanley [98, 1930], and by Nash, Stanley, and Bowen [89, 
1930], the results of which may be summarized as follows 

In the absence of any catalyst, ethylene did not poly- 
merize at 60 atm pressure until a temperature of 325° C 
was attained The condensation to liqmd hydrocarbons 
was fairly rapid at 350° C In the presence of stannic 
chlonde and tilamum tetrachloride only neghgible amounts 
of hquid products were produced at temperatures up to 
100" C , but in the presence of aluminium chlonde poly- 
merization was extensive even at room temperatures Zinc 
chlonde was much less effective than aluminium chlonde, 
and caused polymerization to begm at 230-275° C 

At ordinary temperatures, the products obtamed from 
ethylene in tte presence of aluminium chloride were of two 
types (ft) a free oil, and (6) a double compoimd of alumi- 
mum chloride and hquid hydrocarbons, from which the 
‘combined’ oil was extracted after decomposition with iced 
water The free oil was found to consist of liquid hydro- 
carbons mostly of a saturated nature and contaming from 
about 10 to 45 carbon atoms m their molecules The lower 
boilmg fractions contained proportions of paraffin hydro- 
carbons, but the main part of the oil consisted of saturated 
hydrocarbons of the empirical formula CnHi,, and pre- 
sumably cyclo-paraffins The ‘combined* oil, liberated 
from the pasty aluminium chlonde addition compounds, 
also consisted of complex hydrocarbons contauung from 
10 to 15 carbon atoms per molecule These appear to be 
unsaturated and contain somewhat less hydrogen than 
required by the formula CnHm These oils are probably 
to be regarded as composed of unsaturated hydrocarbons 
of the olefine senes and of the formula CnHm, admixed 
with hydrocarbons of lower hydrogen content (probably 
unsaturated cyclic hydrocarbons) It was found also that, 
whereas the amount of the combined oils was luiuted by 
the quantity of alumimum chlonde present, the amount of 
the free oils produced increased steadily with the duration 
of the expenment 

At higher temperatures the condensation of ethylene 
under pressure m the presence of aluminium chloride was 
much more rapid, but the hfe of the catalyst was con- 
siderably curtailed As before, free oil and alumimum 
chlonde double compounds were formed, but these differed 
considerably from the products obtamed at lower tempera- 
tures The alumimum chlonde complex tended to become 
more and more carbonaceous as the temperature was m- 
creased, and above 1(XI-150°C it was not possible to 
obtain oil from this material, but only a relatively small 
amount of a heavy black tar The free oil produced at 
higher temperatures was a pale yellow, clear oil containing 
large proportions of low-boihng constituents in contrast 
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to the free oil produced at lower temperatures The low- 
boilmg fracuons consisted of paraffin hydrocarbons from 
poitane upwards, whilst the higher boiling fractions were 
dehaent m hydrogen, and corresponded to the formulae 
CnH|«_a, and CnHi„_io These laUer substances 

probably belong to the class of polynuclear naphthenes 
At higher temperatures lower paraffin hydrocarbons 
appeared in the residual gases from the experiments, their 
amount increasing with nse in temperature The proper- 
ties of ethylene polymers obtained by Nash, Stanley, and 
Bowen [89, 1930] at 10-15° C m the presence of aluminium 
chloride are detailed in Table X Similar properties of oils 
produced at 150° C are given in Table XI Of particular 
interest is the polymer gasolme fraction produced at the 
higher temperature Its physical constants, coupled with 
Its rather high octane number, indicates that it is iso- 
paraffinic in character, thus differing radically from ethy- 
lene polymers product m the absence of a catalyst or in 
the presence of catalysts such as adsorbents, phosphoric 
acid, &c The properties detailed in Tables X and XI 
demonstrate the remarkable catalytic activity of aluminium 
chlonde and show deflmtely that polymerization is only the 
primary reaction involved 

With regard to the mechanism of the polymerization of 
olefines by aluminium chloride, Stanley [98, 1930] believes 
that the production of the numerous and complex products 
formed by the action of aluminium chloride on ethylene 
can be explained on the basis of three well-known processes, 
namely, 

(1) polymerization to higher olefines, 

(2) isomerization of the olefines to produce the corres- 
ponding cycloparafiins, and 

(3) the sphtting off of lower paraffin hydrocarbon mole- 
cules under the influence of aluminium chlonde with 


the simultaneous production of hydrocarbons of 
lower hydrogen content 

Table X 

Properties of Oils produced by the Polymerization of Ethy- 
lene in the Presence of Aluminium Chloride at 10-15° C 
(Nash, Stanley and Bowen [89, 1930]) 

I Frrr Oil , Combined oil 

Bmimx range , — 

‘ C Fraction i of lolal 


125-lJO 

150-175 

175-200 


Fraction | total 


I 1000 


Properties of Fractions 



Table XI 

Properties of Free Oils produced by the Polymenzatton of &hylene in the Presence of Aluminium Chlonde at 15(P C 
[89, 1930] 


8 

9 

10 

11 

12 

13 


I B P , 27“ C /743 mm 
27-30“ C /743 mm 
50-100“ C „ 

100-150“ C , 

150-200“ C „ 

200“ C /743 mm -100“ C /lO mm 
100-120“ C /lO mm 
120-140“ C „ 

140-160" C „ 

160-180“ C „ 

180-200“ C , 

200-220“ C „ 

220-230“ C „ 

Above 250“ C „ 


I 

I ‘ \ 


06247 
0 6623 
07078 
0 7460 
0 7761 
0 8017 
0 8319 
08604 
08902 
09040 
0 9181 



. Aniline 



14969 
1 5043 
15143 
1 5296 
1 5296 


70 7 
72 7 
75 8 


Elemeniary j 
_ analysts \ 

Bromine . 

number “„ C *i H | 


00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 


87 06 I 12 84 
87 20 ' 12 52 
87 66 I 12 31 
87 62 I 12 01 




C.,H„ 

C»H„ 

C..H„ 

ChHu 


Fraction boiling up t 

200“ C [3, 19331 

Anibne point 

72 7-73 4“ C 

Sp gr 60“ F 

0 6884 

Aniline point after washing with 98% H,SO, 

73 8“ C 

IBP 


33“ C 

Logsto98%H,SO, 

2 0% 

10% distillate at 

32 3“C 

Octane number (S30 engine 212° F jacket temp ) 

73 

20% 


62’ C 


30% 


70 3“ C 



40% 


82“ C 



30% 


94 3" C 



60% 


108 5“ C 



70% 


124° C 



80% 


138“ C 



90% 

Pt » 

161° C 
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Of these three processes the first two can probably take 
place under the influence of alumimum chloride at quite 
low temperatures, whilst the third reaction becomes 
prominent at higher temperatures There is some evidence 
to show, however, that a slight splitting off of lower paraffins 
takes places at 10-20° C Stanley beheves that polymeriza- 
tion to form higher olefines is the first step in the process 
and that these combine with the aluminium chloride as 
soon as they are formed to give complexes of the type 
^(CftHtnlyAlClj The next process is considered to be the 
isomerization of the higher olefines into cycloparaffins 
According to Francis and Kleinschmidt this isomenzation 
IS thermodynamically possible at all temperatures below 
about 400° C The process may be visualized as consisting 
of the isomenzation of a higher olefine (momentarily libe- 
rated from combination with aluminium chloride in the 
complex), with the production of a cycloparaffin of the 
same molecular weight The cycloparaffin thus formed 
would be incapable of combination with the aluminium 
chlonde, and therefore corresponds to the 'free’ oils 
obtained On the other hand, the aluminium chlonde 
rendered free from combination by the loss of an olefine 
molecule would be free to effect the polymerization of more 
ethylene to higher olefines, which themselves would be held 
in the form of an aluminium chlonde complex The splitting 
off of lower paraffin molecules from more complex hydro- 
carbon molecules has been nouced by many observers, and, 
moreover, is the basis of the McAfee cracking process 
Gngnard and Stratford [26, 1924] found that n-butane was 
formed on heatmg aluminium chloride at 1 20-1 30° C in the 
presence of either octane, di-isobutylene, decane or heptade- 
cane According to Ipatieff and Grosse [50, 1936] the butane 
formed is the iso compound and not the normal isoimr 

Doubtless the mechanism of polymerization reactions 
induced by the other halides, e g zinc chlonde, is similar 
to that in the case of alumimum chlonde, but boron 
fluoride is reputed to bring about true polymerization in the 
presence of finely divided metals, e g nickel [48, 1935] 

The polymerization of ethylene in the presence of 
aluminium chloride has also been studied by V N Ipatieff 
andA V Grosse [5 1,1 936] who, for the most part, agree with 
the conclusions of Stanley [98, 1930] These investigators 
found that aluminium chloride when really pure does not 
react with pure ethylene even under pressures up to 50 atm 
at 10-50° C , and that the presence of traces of hydrogen 
chlonde or moisture is necessary for the reaction Examina- 
tion of the products obtained in the presence of hydro^n 
chlonde showed that the upper layer, i e free oil, was water 
white and consisted of paraffin hydrocarbons All fractions 
of this part of the product (except those boiling about 
300° C ) were stable to permanganate solution and to 
mtratmg mixture, indicatmg the absence of unsaturated and 
aromatic hydrocarbons All fracuons contained traces of 
alkyl chloride The lower layer of the product had the 
composition 5CnH,„_x • AlClj (in which x vaned from 2 
to 6) and the separated hydrocarbons were cyclic unsatu- 
rated compounds of the type of terpenes— giving paraffins 
on hydrogenation 

Ipatieff and Grosse consider that the mechanism of poly- 
menzaUon consists in the addition of hydrogen chlonde to 
ethylene, leading to ethyl chlonde which reacts with another 
molecule of ethylene (or higher olefine), losing hydrogen 
chlonde 

Hv /H 

CH,CH,C1+^^=C<^^ - CH,CH,CH=CH.+Ha 


The mono-olefines are considered to be transformed by 
cychc or mtramolecular alkylabon into naphthenes, which, 
either as such or at the moment of their formation, are con- 
verted by means of a reaction of hydrogenation, dehydro- 
genation, or hydrogen disproportiomzation, into a mixture 
of paraffins and unsaturated naphthenes The latter combine 
with aluminium chlonde— forming the lower layer Ipatieff 
and Grosse name such a polymenzation — involving hydro- 
gen disproportiomzation — a 'conjunct polymerization’ 

Many mvestigators have used so-called 'inert solvents’ 
in reactions between alumimum chlonde and olefines 
These solvents are usually low-boiling paraffin hydro- 
carbons In view of the discovery [49, 1936, 52, 1936] that 
olehnes react with such paraffins in the presence of alumi- 
nium chlonde, their results are not characteristic for ole- 
fine polymerization 

Isobutylene and various higher olefines have been sub- 
jected to the action of aluimnium chloride at vanous 
temperatures by Waterman and his co-workers In most 
cases pentane was used as a diluent Isobutylene at 
—78° C to -t-16° C gives a mixture of olefimc and cychc 
hydrocarbons of molecular weight ranging from 132 to 
4,800 The highest molecular weight products are obtained 
by working at the lowest temperatures At —78° C the 
reaction is often explosive and the products are highly 
VISCOUS [52, 1936] 

With regard to the pentenes, isopropyl ethylene and 
pentene-2 react slowly with alumimum chloride at — 80° C 
in the absence of hydrogen chloride, but trimethyl ethylene 
and methyl ethyl ethylene polymerize much more rapidly 
In the presence of hydrogen chloride, chlorides are pro- 
duced [78, 1 934] At 0° C pentcne-2 gives an 80 % yield of 
partly cyclized hydrocarbon products [108, 1935] 

C yclo-hexene does not react with alununium chlonde dis- 
solved in pentane at — 78° C , 0° C , or —40° C At 70° C 
polymerization occurs with the formation of cyclohexyl 
compounds At — 78° C m the presence of added hydrogen 
chloride chlorocyclohexene and a mixture of chloropoly- 
cyclohexyl compounds are produced [109, 1935] 

The polymerization of acetylene, ethylene, and iso- 
butylene by aluminium chloride has also been studied by 
Hunter and Yohc [35, 1933] 

One of the most important contributions on the poly- 
merization of olefines by zinc chlonde, pamcularly with 
regard to the production of polymer gasolines, is that by 
Brandes, Gruse, and Lowy [6, 1936] dealing with propy- 
lene An autoclave was used for this work, and tests were 
made at temperatures varymg from 150 to 3(X)° C and at 
1,500-3,400 lb persq in (105 4-239 kg per cm*) maxi- 
mum pressure Reaction time varied from 60 to 360 min , 
and ZnCl,/C,H| molecular ratios from 0 10 to 0 12 
Conversions of propylene to hquid polymers of from 43 5 
to 74 2% were realized with fr^ batches of catalyst, but 
catalytic activity decreased rapidly The products pro- 
duced were hght straw m colour, and of sweet smell As the 
reaction temperature was increased from 150-160° C to 
290-310° C , the quantity of gasohne fractions m the pro- 
duct decreased from 92 to 74 5%, and the quantity of 
product corresponding to the tripolymer of propylene also 
decreased from 56 to 19% The product was found to 
consist mainly of olefines and paraffins — although naph- 
thenes were also present The product is thus essentially 
different from that obtained by Stanley [98, 1930] and by 
Ipatieff [51, 1936] from ethylene using alumimum chlonde 
catalyst No mformation is available regardmg the anti- 
knock value of the above propylene polymers 
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Zinc chlonde finds extensive use in the petroleum 
industry as a refimng agent m the Lachman process for the 
treating of gasolmes 

The patent literature is of paiticular interest in that it 
reflects the enormous mterest taken m the reacuons of the 
lower olefines in the presence of zme and aluminium 
chlorides Of importance are the various patents of 
Allenet [1, 1923], which are among the first devoted to this 
subject 

These refer to the poIymerizaUon of the gaseous olefines 
with these materials in the presence of diluents at ordinary 
temperatures [1 , 1923] Among the first proposals to make 
synthetic motor spirits and lubricatmg oils by such pro- 
cesses were those of Burrell and Dawe [8] and Brownlee 
[7] respectively, while Weizman and Legg [1 12] were among 
the fust to refer to the production of naphthenic hydro- 
carbons by the action of alumimum chloride on butylene at 
low temperatures under pressure 

Recently the production of polymer gasolines by the 
treatment of oleine gases with aqueous zinc chloride solu- 
tions has been patented [87, 1936], and also polymerization 
m the presence of hydrogen halide and a metallic salt in 
aqueous soluUon [86, 1936] 

The use of zinc and aluminium chlorides in the poly- 
merization of olefines to hydrocarbons of lubricating-oil 
properties [67, 1933-6], and also in the condensation of 
olefines with aromatics [41], has also been extensively 
patented 

Boron tn-fluonde Although boron tn-fluoride (BF3) was 
first prepared in 1808, its possibilities did not attract com- 
mercial attention until about 1925 It 1$ a gas which readily 
decomposes in contact with moisture, and is difficult to 
handle on account of its corrosive and poisonous nature 
Butlerov and Gonanov [9, 1873] appear to have been the 
first to observe the polymenzmg action of boron fluoride 
They found that this material did not polymerize ethylene 
at orduuity pressure even at 200° C , but that propylene 
and butylene, on the other hand, were polymerized very 
readily at normal temperatures Otto [90, 1927] studied 
the polymerizmg action of boron fluoride on tte lower 
olefines at elevated pressures Ethylene polymerized 
extensively under pressure at ordinary temperatures, while 
Its immediate homologues were even more easily converted 
mto higher hydrocarbons The products were viscous and 
of high molecular weight This polymenzmg action may 
be accelerated by the presence of finely divided metals such 
as mckel [32, 1927, 1931], or by the addiuon of halogen 
acids, such as HQ, HBr, HI or HF [33] 

Ofpaiticular mterest are claims [37, 1930, 91, 1935] that 
ethylene may be converted mto butylene by the use of boron 
fluonde catalyst and very short reacUon tunes at pressures 
of 50-60 atm and at room temperatures In this case also 
more energebc catalytic activity is obtamed m the presence 
of halogen acids and/or finely divided nickel 

The major application of boron fluonde as a polymenza- 
Uon catalyst now appears to be m the production of syn- 
thetic lubricating oils by the treatment of the gaseous 
olefines, and also in the production of oils of very high 
molecular weight— 1 e 5,000-6,000, for incorporation in 
lubricating oils Isobutylene is the preferred starting 
material [68, 1934-5] 

DoHUe CompoundB of Halides with Organic Sabstances. 
Beca u se of the corrosive natures of alummium and zme 
chlorides, and boipn fluoride, double compounds of these 
materials have been discovered which can be substituted 
for them m polymenzation reactions These double com- 


pounds are termed ‘Ansolvo Aads’ [82, 1927], typical 
examples being complexes of the orgamc acids, e g. oleic, 
formic, and naphthoic acid with zme and alumimum 
chlorides and boron fluoride, and also similar complexes 
with ethers, ketones, nitrobenzene, mtromethane, and 
alcohols These double compounds are less violent m their 
acuon than the hahdes alone, and have, for this reason, 
been proposed as poIymerizaUon catalysts [11, 1936] 

As far as is known no process is in commercial opera- 
tion for the producUon of polymer gasolines from cracked 
gases using the halides as catalysts Their disadvantages, 
enumerated above, have so far prevented their adopUon 
for this purpose They are corrosive and poisonous, diffi- 
cult to handle and store, and their polymerizmg acUon is 
usually too violent for gasoline producUon A further dis- 
advantage IS that no satisfactory method has yet been 
developed for ensuring a long catalyst life, and, moreover, 
the polymer gasolines obtained are of low knock ratmg 

(/) Inorgamc Acids and Acid Salts. 

The inorganic acids, sulphuric acid and phosphoric acid, 
have pronounced polymerization activity under certain 
conditions Hydrochloric acid is also a well-known poly- 
merization catalyst promoter (e g in the case of alumma 
and silica gels), but suffers from the disadvantage of causing 
chlorination Nitnc acid possesses too vigorous an oxidiz- 
ing action to allow its polymerization activity to be much m 
evidence 

Phosphoric Acid as an Olefine Polymenzation Catalyst. 
Phosphoric acid is one of the most successful polymeriza- 
tion catalysts yet developed, and is m commercial use on a 
large scale in the production of high octane number poly- 
mer gasolines from cracked gases The development has 
been carried out by Umversal Oil Products Company 
[47, 1935], and also mdependently by the Anglo-Iraman 
Oil Company [18, 1936] 

The polymenzmg action of the phosphoric acids has 
been known for some time, but the applicauon of such sub- 
sunces to the production of bigher-boiling hydrocarbons 
from gaseous olefines was probably first menUoned in 
patents of the I G Farbenmdustrie beanng application 
dates between 1926 and 1929 
These make the followmg claims 
(i) The polymerization of olefines under pressure m the 
presence of salts and oxy-acids of phosphorus, givmg as 
examples calcium phosphate, di-potassium phosphate, cal- 
cium pyrophosphate, and also phosphorus pentoxide on a 
pumice support [83, 1932] 

(11) Polymerization of olefines by heat treatment under 
any suitable pressure in the presence of salts of the oxygen 
acids of phosphorus, boron, and antimony, with aJkah 
metals or other met^ as the basic consUtuent, or their 
reduction products, or the free acids themselves, m the solid 
form, or m the form of their anhydrides on caixiers [65, 
1927] 

(ill) A process for the polymerization of lower olefines, 
which comprises treating the said olefines with catalysts 
compnsmg phosphonc aad, metaphosphonc acid, or 
other acids of phosphorus, as such or m the form of their 
salts, and m a sohd or srau-sohd state, and operatmg at 
temperatures below 400° C. [66. 1929-30], 
liiese patents caused much mterest m that th^r revealed 
the possible use of salts of phosphonc acid as polymeriza- 
tion catalysts, and th^r stimulate further resrarch. 

In 1932 a patent [34] was issued coveimg a process 
mvolvmg the selective polymerization of propyl^ and 
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higber olefines in gaseous nuxtuie containing ethylene, 
passing the mixtures at atmosphenc pressure over a metallic 
salt of phosphoric acid at elevated temperatures, eg 
200’’ C The preferred catalyst mentioned was cadmium 
metaphosphate of the composition CdP,0, The follow- 
mg year a proposal [2, 1932-3] was made to utilize as a 
motor fuel the mixture of polymers and alcohols obtained 
by passing a mixture of cracked gas and steam over phos- 
phate catalysts, e g boron phosphate, at 200-350° C , and 
at high pressures — e g 30 atm 
Patents by Universal Oil Products on the use of phos- 
phoric acid and phosphate catalysts for the polymerization 
of olefines did not appear until May 1 934, when several novel 
features were disclosed A proposal was made [59, 1932, 
1934] to effect polymerization of olefines at temperatures 
between 50° and 200° C in the presence of an acid selected 
from the group consisting of orthophosphonc and ortho- 
phosphorous acids Orthophosphonc acid was preferred 
This proposal was followed in 1935 by patents covering 
the use of so-called ‘solid phosphoric acid* catalysts, these 
consisting of solid mixtures of phosphoric acid and vanous 
phosphates Examples of such catalysts are mixtures of 
phosphonc acid with a chlonde and/or an oxide of an alka- 
line earth metal [61, 1933, 1935] and also mixtures of phos- 
phoric acid with adsorbent materials of a sihceous nature 
such as kieselguhr [62, 1933, 1935] Further patents dis- 
closed the use of catalysts of the above general compositions 
calcined prior to use at temperatures between 180° and 
300“ C , without any substantial heating above 300" C 
[63, 1934-5, 85, 1934-5], and also the use of catalysts com- 
prising phosphoric acid, zinc oxide, and zinc chloride [64, 
1933, 1935] The catalytic polymerLtation of ethylene, 
which is normally resistant to the acuon of the above cata- 
lysts, in the presence of readily reacting olefines, is also 
mentioned [53, 1934, 1936] 

Recent 1 G patents have included catalysts comprising 
solutions of an anhydride of an acid of phosphorus m a 
liquid acid of phosphorus [13, 1934, 1936], and also acid 
esters of phosphoric acid— eg monocresyl phosphate, 
either in the presence or absence of copper or silver salts 
[12, 1934, 1936] 

The development of phosphoric acid catalysts for 
polymenzauon is very closely connected with the catalytic 
vapour-phase hydration of olefines in the presence of steam 
to the corresponding alcohols, for which reaction pracu- 
cally identical catalysts have been proposed This is evi- 
dent from the following summary of the most impoitant 
patents deahng with this reaction 
B P 368,668 J Y Johnson and I G (1932) 

The production of ether by passing ethylene and steam over 
phosphate caulysts— parucularly phosphates of the rare earths 
BP 346,288 G F Horsley and I C I Ltd (1931) 

Hydration of acetylene to acetaldehyde and crotonaldehyde by 
treaung with cadmium phosphate catalyst (PiO, CdO - 0 4-0 6) 
in the presence of steam 
BP 369,216 {\932) I Cl Ltd 

Catalyst comprising a phosphate of cadmium, beiyllium, zme, 
alumimum, Un, or lead The preferred composition of cadmium 

phosphate is -= 0 9-0 72S Figures are given to show that 
CdO 

cadmium phosphate is more active in this reaction than the phos- 
phates of lead, zinc, alumimum, or bn 
BP 378^63 iAppl date 1932) I Cl Ltd 

Catalytic hydrabon of olefines usmg boron phosphate caulyst . 
BP 392,289(1933) Disbllers Company Ltd 

Catalytac hydrabon, using phosphates of uranium, iron, or 
oobaltous cobalt— the amount of phosphoric acid being in excess 
of that required to form the orthophosphate, but not in excess of 
about 95 % of the composition 


BP 392,685 (1933) Disbllen Company Ltd 

Caulysts for hydration of olefines— compounded from phos- 
phoric and and either or both of the meuls copper or manganese 
or their oxides , the amount of phosphoric acid present being 
in excess of that required to form die orthophosphate but not in 
excess of about 95 % of the composibon 
B P 394 J89 (1933) H Dreyfus 

Phosphonc acid as a hydration catalyst — inibally in the an- 
hydrous condibon 

BP 396,724 (1933) Distillers Company Ltd 

Boron phosphate as a hydration catalyst The amount of phos- 
phonc acid being at least 10% in excess of that required to form 
the orthophosphate, but not in excess of about 95 % of the com- 
position 

B P 404,115 (1934) Distillers Company Ltd 

Caulysts for hydration reactions --containing a drying oil to 
improve mechanical strength 
B P 407,722 (\93A) H Dreyfus 

Alkali and alkalinc-earth meUphosphate catalysts 
B P 407.944 (1934) 1 C I Ltd 

Stronbum metapbosphate caulyst 
BP 408,313(1934) I Cl Ltd 

A catalyst comprising ferric metaphosphate associated with a 
metaphospbate of a divalent metal, e g barium, stronbum, cad- 
mium, copper, or ferrous iron 
B P 408,982 (1934) Distillers Company Ltd 

The produebon of Aopropyl alcohol using a solid catalyst com- 
pounded from phosphonc acid with one or more of the meUls 
manganese copper, iron, cobalt, or uranium with or without 
boron, or their oxides or compounds, the amount of phosphonc 
acid being in excess of that required to form the orthophosphates, 
but not in so great a quantity as to depart from the solid nature 
of the catalyst 

B P 413,043 (1934) Disbllers Company Ltd 

A caulyst rendered mechanically suble by incorporating with 
an organic substance or substances capable of forming true or 
colloidal solubons in water and which, after subjeebon to rela- 
bvcly elevated temperatures (of the order of 200“ C ), leaves or 
leave as residue in the caulyst substantially carbon only, eg 
surch, glucose, gelatin, glyserol, &c 
B P 415,426 (1934) Distillers Company Ltd 

Caulysts compounded from phosphonc acid with calcium 
and/or barium and/or strontium, magnesium, the amount of 
phosphoric acid present being in excess of that required to form 
the meuphosphates of the elemenu employed 
B P 415,427 (1934) Disbllers Company Ltd 

Caulysts compounded from phosphonc acid with calcium, 
barium, strontium, and/or magnesium oxides — the amount of 
phosphoric acid bmng materially in excess of that required to 
form the orthophosphate, but maurial)y less than that required 
to form the metapbosphate 
BP 422,635 (1935) Disbllers Company Ltd 

Catalysts rendered mechanically stable by incorporabng, during 
preparabon, a non-drying oil such as castor oil, anhydrides, alde- 
hydes, ketones, Ac 
BP 423,877 (1935) I Cl Ltd 

A catalyst consisting of cadmium phosphate together with a 
small quantity of one or more of the meuphosphates of barium, 
strontium, bUmum, chromium, and tellunum 
BP 435,749 (1935) ICI Ltd 

Caulysts comprising one or more molecular proporbons of 
aluminium meUphosphate associated with about one molecular 
proportion of a meUphosphate of calcium, cadmium, zme, diva- 
lent copper, nickel, tin, or lead 
VSP 2,052,095 (1936) Disbllen Company Ltd 

Caulysts comprising phosphoric aad and the phosphaUs of 
a metal uken from the group Mn, Cu, Fe, Co, and U, the amount 
of phosphoric acid being in excess of that required to form the 
orthophosphates of the meUl or meuls selected 

In addition to being similar with regard to catalyst 
requirements, the processes of catalytic hydration and 
polymoization are also closely similar with respect to 
optimum temperature and influence of pressure, although 
t^ products are different It has been observed many 
tunes m the literature that, in the hydiauon reaction, if the 
olefine partial pressure or the total workmg pressure is m- 
creased, the rate of alcohol formation is augmented, but 
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polymer formation becomes troublesome, because this also 
IS favourably affected by mcrease in pressure In order to 
prevent polymer formation and still cause the reaction to 
occur m the desired direction, it is necessary to increase 
the partial pressure of the steam and maintain the partial 
pressure of the olefine at a relatively low value % this 
means good yields may be obtamcd 
The proper choice of catalysts for the vapour-phase 
hydration of olefines under pressure to form alcohols is a 
very important factor because, as stated by Marek and 
Hahn [81] in 1932, ‘catalysts active in promotmg the hydra- 
tion reaction are likewise active toward promotion of the 
undesirable polymerization reactions, since the latter often 
proceeds at a more rapid rate’. 

The following statement is also made by Marek and 
Hahn 

‘In contemplating the use of high ratios of steam to 
olefine in vapour-phase hydrations for the purpose of 
restricting ol^ne polymerization, sight must not be lost 
of the fact that excessive steam rauos may impair catalyst 
activity by flooding the active surface with water mole- 
cules For this reason a mean should be struck 
between high ratios of steam to prevent polymerization 
and low ratios to prevent loss of catalyst activity 
To complete the comparison between polymerization and 
hydration reactions it is necessary also to consider the 
reverse of hydration of olefines to alcohols — ^namely, the 
dehydration of alcohols to the corresponding olefines 
Phosphoric acid has been used for the preparation of 
ethylene from ethyl alcohol since this use was first dis- 
covered by Pelouze [92, 1833] In 1933 Lindinger and 
Moser [80, 1923] found that a mixture of alcohol and 
phosphoric acid would give off ethylene when heated to 
205® C They concluded that the formation of ethylene was 
due to the acuon of the pyro-acid mto which the ortho-acid 
was being dehydrated, and that a more complete conversion 
would be obtained at a higher temperature By passing 
ethyl alcohol vapour over finely divided pumice soaked in 
phosphoric acid heated to 250-300° C , a yield of 90% ethy- 
lene was obtauied, which was 99 5% pure At a later date 
Newth demonstrated that syrupy phosphoric acid heated 
previously to 200° C was more efficient than glacial phos- 
phoric acid (meta-acid) or phosphorus pentoxide Weber 
and Walton [111, 1930] have concluded that orthophos- 
phonc acid previously heated to 250° C for 4| hours gave 
the best yields of ethylene 

It IS thus evident that orthophosphoric acid (containing 
some pyro-acid) is an effiaent catalyst for the dehydration 
of ethyl alcohol to ethylene and also for the hydraUon of 
ethylene to ethyl alcohol In view of the marked simi- 
larities between hydration and polymerization, it is also 
evident that phosphonc acid should also be a very effecUve 
catalyst for the latter reaction— a contention supported by 
the above-mentioned patents 
The choice of suitable phosphoric acid catalysts for 
polymerization is helped somewhat by the above patent 
specifications Some of these frequently mention the ad- 
vantages of catalysts conUmmg free, i e uncombmed, phos- 
phonc acid, whilst others mostly claim metaphosphates 
containing, presumably, no free acid It should be noted 
here that the hydration reaction is invariably earned out 
m the presence of large quantities of steam, and that the 
effective catalysts may actually be orthophosphates, or 
possibly pyrophosphates, or the corresponding acids The 
reacuon conditions most m favour for the hydration ot 
olefines are as follows Temperature, 200-300° C , pressure, 


atmospheric to 2,000 lb , olefine/steam ratios 1 to 1 up to 
3 to 1— but at atmospheric pressure may be as high as 10 
to 1 

It may thus be expected that under the same conditions, 
but in the absence of steam, polymerization of olefines 
would proceed at an attractive rate in the presence of a 
suitable phosphate or phosphoric acid catalyst As already 
mentioned, the temperature should be kept as low as pos- 
sible, to prevent secondary isomerization reactions which 
lead to the formation of products of inferior knock ratmg 
Chemical and Physical Properties of Phosphoric Adds. 
There are many acids of phosphorus — differing widely in 
their physical and chemical properties — some stable and 
others either volatile or easily decomposed, and it is neces- 
sary, in order to produce a catalyst of long active life and 
a polymer product free of phosphorus compounds, to 
choose the particular phosphorous acid with some care 
Fortunately, as shown in Table Xll, choice is limited to 
the hydrates of phosphorus pentoxide— namely, ortho-, 
pyro- and meta-phosphonc acids 

Table Xll 

The Acids of Phosphorus 

Name , Formulae M p I i ) Aetion of heal, Ac 

Ortho , H,PO.(P,0,— 3H,0) , 36 6-42 5 i Dehydratei to itu*- 

phosphoric ture of meu- and 

I pyruphosphonc 


Meu- 

photphofH. 


phosphoric 

phosphoric 
Di perraono 
phosphoric 
Hypo- 
phosphonc 


HPOjfP.O, -H,0) Sublimes i Polymerizes to give 
I a polymer of lower 

I vapour preuuie 

1 H.P.O,(P,0 - 2H.O) 61 Dehydrates to meU- 

' phosphoric acid 

j H,P,0 Unstable 


H4P,0, or (H,PO,-55’ 

H,P0.(P,0,— 2H,0) -I 2H,0- 80 

I lH,O-70) 




Of these the former is a regular article of commerce, and 
IS cheaper than the pyro-acid, whilst the meta-acid is m- 
active catalyucally (see later) 

The most suitable phosphoric acid to employ is. therefore 
orthophosphoric aad, which may be obtained com- 
mercially in the anhydrous state, m 50% or m 90% solu- 
Uons in water. 

The presoice of phosphorus pentoxide m polymerization 
catalysts is precluded because this substance sublimes at 
18&-250° C , and its vapour pressure may reach 760 mm 
at 250° C At higher temperatures, however, polymeriza- 
tion of the oxide causes the vapour pressure to fall con- 
siderably Phosphorus tnoxide is of httle use, because it 
boils at 173° C at 760 mm pressure, whilst phosphorus 
tetroxide sublimes at about 180° C 
As shown m Table XU, orthophosphonc acid is dehy- 
drated by the acbon of heat to give both pyro- and meta- 
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acids, both of which are much too volatile for commercial 
use The dehydration of orthophosphonc acid may be 
briefly summarized as follows 

When a dilute solution of orthophosphonc acid is 
evaporated at temperatures up to 150“ C , a syrupy liquid 
1$ obtained which consists entirely of orthophosphonc acid 
and between 150“ and 160° C it loses water slowly 

At 240° C orthophosphonc acid loses water so that the 
ratio P,0»/H,0 1 24 to I 2J— as compared with 1 3 

for pure ortho-acid At higher temperatures more water 
IS hberated until a product is obtained consisting mainly 
of metaphosphonc acid The literature is not conclusive 
regarding the minimum temperatures required for the 
formation of pyro- and meta-acids, but it is generally sup- 
posed that the conversion to pyrophosphonc acid is not 
complete at 230° C , whereas it is so at 260° C , and that 
meta-acid begins to form at about 290“ C It is probable 
that, during the dehydration of orthophosphonc acid, there 
IS a state of equihbrium between the three acids — dependent 
on the temperature and the partial pressure of any water 
present Thus dehydration is greatly suppressed by the 
presence of water vapour A consequence of dehydration is 
the formation of lower acids more volatile than the original 
ortho-acid Therefore, if dehydration is allowed to occur, 
greater loss of acid — due to volatility — might be expected, 
although experimental evidence is at variance with this 
deduction to some extent 

Prevention of Phosphoric Acid Dehydration It has been 
stated [18, 1936] that whereas catalysts of the above type 
are active when prepared from either ortho- or pyro- 
phosphoric acid, those incorporating the meta-acid are 
inactive Furthermore, the activity of all phosphoric acid 
catalysts diminishes in use in polymerization reactions 
unless special steps are taken, and all such used catalysts 
contain meta-acid (HPOj) 

These observations show that, as is to be expected from 
the above comments on dehydration, the cause of catalyst 
declme is the formation of meta-acid, and the obvious way 
to prevent this is the admixture of small quantities of water 
vapour m the gas before passage over the catalyst In this 
way it is possible to keep the water content of the catalyst 
substanUally constant, the amount of water mixed with the 
inlet gas just compensaUng for that lost from the catalyst 
by dehydration The amount of water required is approxi- 
mately 2-10% by volume of the inlet feed, the water being 
measured in the form of steam By injecting water or steam 
m this way catalyst detenonition by the formation of meta- 
acid IS prevented The amount of water should not exceed 
the above limits, otherwise alcohol formation is appreciable 
and often the mechanical strength of the catalyst is impaired 

With catalysts of high free acid content dehydration leads 
to the formaUon of large quantities of meta-acid, which 
change the catalyst from a hard cake to a wet, pasty mass 

The use of steam to prevent phosphonc acid dehydrabon 
has been fully desenbed by Dunstan and Howes [18, 1936], 
and also by Ipatielf [60, 1935] The scheme is, however, 
not novel, and was suggested in 1931 for maintainmg sul- 
phunc acid catalysts at constant strength at 140-160° C 
[16, 1931-2] 

FonnationofVidatflePhosphonisOmipouiids. A further 
consideration with regard to the use of phosphoric acid as 
a polymerization catalyst is the possibility of the formation 
of volatile compounds by mteraction of the phosphonc 
aad with the olefines b^ treated Hus undoubtedly 
occurs with some phosphonc aad catalysts— particulaily 
with catalysts consistmg of jfiiosphonc aad imprepiated 


aaive carbons— and has also been observed by Sanders 
and Dodge [96, 1934] in the dehydration of ethyl alcohol 
to ethylene usmg phosphonc aad as catalyst at 300° C In 
this connexion the mechamsm of polymenzation suggested 
by Ipatieff [45. 1935] has a direct bearing Ipatieff [45, 
1935] postulates the formation of intermediate alkyl phos- 
phates which break down again as soon as formed 
For example, m the case of propylene, uopropyl phos- 
phate is supposed to be formed, thus 


OH O 

O P— OH t CH,— CH— CH, - 0=P<^OH 


which decomposes as follows 


O—CH- 
0- - P'^OH 


_/CH. 

CH, 


o - ch/ 


CH,, CH, 

>CH— C f 1 2PO(OH), 

ch / \ch, 

Di-iiopropyl Orthophosphonc 
acid 


IpaUeff has demonstrated that when propylene is heated 
with phosphoric acid a homogeneous liquid is formed 
which contains esters such as the above, and that the liquid, 
on subsequent heating, liberates hydrocarbon polymers 
It IS beheved that some such intermediates must be formed 
When a phosphoric acid-active carbon catalyst is employed 
for the polymerization of olefines in the presence of small 
amounts of added steam, to prevent dehydration, the con- 
densed water contains a little free phosphonc acid and a 
considerable quantity of combmed phosphonc acid 
Alkyl phosphates are volatile compounds as shown by 
the following figures 


Dimethyl ethyl phosphate 
Methyl diethyl phosphate 
Triethyl phosphate 
Tripropyl phosphate 
Tn-isopropyl phosphate 
Tn inrbutyl phosphate 


bp 203 3“ C at 760 mm 
, 208 2“ C 
„ 215-216“ C 
, 138° C at 47 mm 

, 218-220“ C at 763 mm 
135-136“ C at 8-10 mm 


Experience indicates that loss of phosphonc acid from 
catalysts— presumably due to the formation of volatile 
phosphorus compounds— is more pronounced m the case 
of catalysts comprising phosphoric acid on mert carriers 
such as active carbon or coke than with other catalysts 
Furthermore, loss of phosphonc acid occurs only when the 
concentration of phosphoric acid on the inacbve support 
IS more than 20% [18, 1936] The loss of phosphoric aad 
from catalysts comprising aad cadmium phosphate, 
kicselguhr, and phosphonc aad, &c , is slight 

The Composition of Phosphoric Acid Polymerization 
Catalysts. Of the vanous materials commonly used m 
catalyst masses only carbons and cokes have been found 
unreactive with phosphonc acids at temperatures up to 
300° C , although even m the case of these substances there 
IS the remote possibility of reduaion of the phosphonc aad 
to phosphme, especially if the carbon or coke contains any 
oxides, such as feme oxide 

When any other materials, sudh as oxides, aluminates, 
sihcates, carbonates, Ac , are mixed with phosphonc aad 
and heated to give a hard mass, chemical reactions occur 
to give phosphates This even takes place m the case of 
sihca, and in this case compounds of the type (SiOi)z’(P,0|)jt 
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are formed — ^these are probably silipyl phosphates and are 
very stable towards heat 

The hterature evidence for the formabon of stable com- 
pounds between siliceous materials and phosphoric acid is 
as follows 

1 Phosphoric acid has practically no effect on glass at 
ordmary temperatures, but at 100-150° C the attack is 
marked and sihcyl phosphate and metaphosphates are pro- 
duced [36, 1908] At 400° C phosphoric acid has a strong 
corrosive action on quartz glass [71, 1905] 

2 When a dried mixture of gelatinous silica and meta- 
phosphoric acid is fused and extracted with hot water. 


reason In the case of some catalysts, however, total acid 
contents as high as 75-80% can be tolerated 

The preparation and properties of phosphate catalysts 
of many types have been described m det^ by Dunstan 
and Howes [18, 1936] These include a wide range of metal 
phosphates contaming various amounts of free phosphonc 
acid 

As already mentioned, the patents of Umversal Oil 
Products Company pay particular attention to catalysts 
comprising mixtures of phosphoric acid with the alkaline 
earth oxides and chlorides, and also with siliceous materials 
such as kieselguhr 



transparent crystals are obtamed, the composition of which 
corresponds to SiOi-PfO,, which has been considered to 
be sihcyl metaphosphate — SiO(PO,), [30, 1883-4, 1887] 

3 Silica dissolves in orthophosphoric acid, and forms 
crystals of the composition SiOt-P|Ot 
Silicates and alummates react with phosphoric acid as 
mixtures of the correspondmg oxides and give mixed 
phosphates, examples of such silicates are pumice and 
flondm 

The work described m the hterature leads to the conclu- 
sion that the catalytic activity of all phosphate catalysts is 
greatly affected by the presence of free phosphonc acid — 
probably m the ortho condition Therefore, unless the acid 
IS present m a quantity more than sufficient completely to 
combine with the support under the reacUon conditions of 
temperature and water-vapour pressure, an inactive, or only 
weakly active, catalyst is obtained 
On the other hand, the catalyst activity is to a large 
extent dependent upon the composition of the phosphates 
present, some bemg practically ineffective and others very 
efficient [18, 1936] 

There is, of course, a very defimte upper limit to the 
amount of phosphoric acid which can be incorporated m 
a catalyst suitable for commercial use. As the amount of 
acid IS ucreased the hardness of the catalyst diminishes, 
and a d^nite limit to the acid content is unposed for this 


Typical compositions are as follows 

(i) 73 7 % wt of 89 % phosphoric acid 

6 3 % „ zinc oxide 
10 4% „ zinc chloride 

7 6 % „ aluminium hydrate 
Calcined at 180-200’ C. 

(iij 72% wt of 100% phosphoric acid 
6% „ magnesium chloride 

2% „ alumina 

S % , magnesia 

S % „ starch 

10% „ kieselguhr 

Calcined at 250° C 

(ill) 82 % wt of 89 % phosphonc acid 
18% kieselguhr 
Calcined at 250° C 

Regeneration of Phosphate Catalysts. In use all phos- 
phoric acid or phosphate catalysts become clogged with 
volatile high-boihng polymers, which, if allowed to stay on 
the catalyst, cause the latter to become dismtegrated and 
very soft In addition to this volatile material, there is also 
formed on the catalyst a fairly large amount of practically 
non-volatile asphalt-hke matotial which causes tto catalyst 
volume to increase and also causes cakmg This latter 
material is not so deletenous m its effect as the former, but 
at least partial removal is necessary after the catalysts have 
been m use for prolonged periods A small amount of 
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asphaltic material on the catalyst is beneficial m giving the 
catalyst greater activity and a higher degree of mechamcal 
strength 

The first step in any regeneration is the removal of the 
volatile high-boihng polymers which tend to disintegrate 
the catalyst, and this is readily accomplished by flushing 
with a stream of nitrogen or flue gas at 300° C for 4-12 
hours When asphaltic material has accumulated, this can 
only be removed by treatment with flue gas containing 
small amounts of oxygen — at temperatures up to 3S0° C 
In this manner the asphaltic material is removed by oxida- 
tion or partial combustion Care is necessary in this step 
to prevent the development of local hot spots in the cata- 
lyst — otherwise acid is lost by volatization 

With regard to the frequency of such regeneration treat- 
ments Egloif and Nelson [20, 1936] have stated that, when 
approximately 20 gallons of polymer gasoline per pound of 
catalyst has been produced, treatment with controlled 
amounts of air is applied to restore acUvity 

Plant employed. One of the attractions of the phosphoric 
acid catalytic polymerization process is the mild condiUons 
of temperature and pressure employed, and consequently 
the cheap and simple plant required The temperatures 
employed vary from 150 to 300° C (302-572° F ), and the 
pressures are normally those at which the gaseous or liquid 
feedstocksareavailable— generally 120 to 300 lb persq in 

A flow diagram of a typical installation by Universal Oil 
Products Company is reproduced m Fig 12 The feed is 
preheated in a conventional furnace to a temperature of 
204° C (400° F ), mixed with the requisite amount of water 
or steam to prevent catalyst dehydration, and passed 
through a senes of four catalyst towers, each 3 ft 6 in 
diameter x 25 ft high, and containing the catalyst Owing 
to the exothermic nature of the polymerization reaction, a 
temperature rise of c 70° C (158° F) occurs in the catalyst 
towers The residue gas from the reactors, together with the 
polymer formed, passes through a condenser to a receiver 
where lean gas is separated and the polymer condensate 
IS pumped to a conventional stabilizer, where the vapour 
pressure may be controlled to suit market requirements 

The pipe-work mtercoimecbng the towers is arranged in 
such a way that any one may be taken off stream for 
regeneraUon treatment and the towers may be used in any 
order of sequence The leactivatmg line shown in the flow 
diagram is for flushing the catalyst with flue gas and also 
for tieatmg with controlled quantities of air for burning off 
asphalt and carbon 

With reference to design figures, it is possible to obtain at 
least 90% conversion of olefines to total polymers in con- 
tmuous operation with an active catalyst at an inlet gas rate 
of 2-5 cu ft per lb of catalyst per hour, measured at N T P 

An average figure for the 200° CEP spirit content of 
the crude polymers is 85-90% by volume Steam injection 
should be m amount equivalent to 2-10% by volume of the 
inlet gas (measured at N T P ) 

The Polymerization of Individual Olefines witii Phosphoric 
Add Catalysts Data are available m the literature on the 
polymerization of all the lo\ver olefines m the presence of 
liquid phosphoric acid or solid phosphoric aad catalysts. 
Of these isobutylene is the most reactive and ethylene the 
least 

J^hylene Hus has been polymerized under pressure in 
autoclave experiments m the presence of hquid phosphonc 
acid at 250-330° C. [54, 1935], and also with acid cadmium 
phosidiate catalysts at 300-350° C [18, 1936]. Contmuous 
{riant tests have also been made usmg ‘solid phosphoric 


acid’ catalysts at 520 lb pressure and 296-324° C [46, 
1936] In the presence of hqmd phosphonc acid at 250- 
330° C ethylene gives a product consisting of a mixture of 
paraffin, olefine, naphthene, and aromatic hydrocarbons 
The concentration of paraffins is greatest in the lowest 
boiling fractions, but aromatics only appear in fractions 
boilmg above 225° C Olefines are present m practically all 
fractions (c 20-30% by volume) and naphthenes m those 
boiling above 1 10° C The products obtained contained 
60-5 "i by weight of spirit boiling up to 225° C 
An important product of the reaction was isobutane, the 
formation of which increased with rise in temperature At 
250° C 2 5% by weight of the ethylene reacting was con- 
verted into isobutane, and at 330° C 18 8% The differ- 
ence between the polymerization of ethylene in the presence 
and absence [54, 1935] of phosphoric acid consists m the 
presence of aromatic and paraffin hydrocarbons in the 
former, whereas no traces of aromatics, and only small 
quantities of paraffins, were discovered in the latter The 
first step m the process m contact with phosphonc acid 
appears to be the formation of ethyl phosphates, which, 
being unstable at elevated temperatures, decompose to give 
ethylene polymers and naphthenes (cf polymerization m 
the presence of aluminium chloride) The naphthenes 
become dehydrogenated to aromatics, and paraffins are 
formed by the hydrogenation of olefines, i e mtermolecular 
hydrogenation and dehydrogenation reactions take place 
The results of contmuous plant tests on the polymeriza- 
tion of ethylene at 520 lb pressure and 296-324° C in the 
presence of a phosphate catalyst are detailed m Table XIII 
The high gasoline octane number of 82 is noteworthy 

Tabu Xlll 


Polymerization of Ethylene at 520 lb per sq in Gauge 
Pressure [46, 1936] 



- 

B 

C 

Operating conditions 1 




Temp , “ C 

296 

324 

324 

(565” F) 

(615° F) 

(615° F) 

Contact time, sec , 

790 

420 

320 

Inlet gas rate, cu ft per hr per | 
lb caulyst 

1 5 

25 

34 

Ethylene polymerization to liquid ! ' I 

polymer, % 1 

73 

72 

65 

Polymer per 1,000 cu ft ethylene ! 
US gal 1 

80 

79 

71 


6 67 

66 

5 92 

400” P fcP gasoline per 1,000 i 
cu ft ethylene ' 

US gal { 

47 

47 

46 

Imp gal 1 

3 92 

3 92 

38 

Properties of trade potfmer | 




Gravity, "API at 60" P ! 

48 g 

48 7 

48 8 

Sp gr at 60” F | 

0 7848 

0 7852 

0 7848 

IBP."C 1 

37 

42 

44 

5% distillate at (° C ) 

48 

56 

61 

10% . 

57 

63 

70 

20% . 

74 

81 

87 

30% . , 

98 

100 

104 

40% „ , 

133 

131 

127 

30% ., 

178 

169 

157 

60% 

209 

204 

184 

70% .. 

239 

234 

211 

80% „ 

267 

262 

241 

90% 

314 

303 

279 

95% „ 

337 

333 

311 

FBP.’C 

340 

335 

329 

Reid vapour pressure at 100° F I 
(37 8° C) 

88 

83 

81 
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Properties of Steam Distilled Polymer 


Gravity, "API at 60" F 
Sp gr at60°F 
Colour (Saybolt) 

Gum content, copper dish 
Gum content+0 02S% wood distillate in- 
hibitor 

Octane number (C F R Motor) 

Blending octane number (25% in Reference 
Fuel A3 of 44 octane number) 

Reid vapour pressure 


IBP 

5 distillate 
10 % .. 


80% „ 
90"% „ 

95% „ 

FBP 


0 711 
30+ 

10 mg per 100 ml 


2 

82 


6 5 lb at 100" F 
(37 8"C) 
41“C 
52" C 
58“ C 
66" C 
74" C 
82“ C 
93" C 
106“ C 
I21“C 
142' C 
163 C 
183" C 
203" C 


Boltonn from Steam Dislillalion 
Sp gr at 60' F 0 897 

I B P 192' C 

FBP 369" C 


Propylene Propylene has been polymerized m contact 
with liquid phosphoric acid at 204° C and S I atm gauge 
pressure [44. 1935], and also at 330-370° C and 100-40 
atm pressure [SS, 1936] At the lower temperature propy- 
lene polymerizes to a liquid consisting almost entirely of 
mono-oleflnes, presumably of iso structure The liquid 
boils from 40 to 230° C and is almost entirely gasoline 
The evidence for the chemical nature is fourfold The 
polymer is practically entirely soluble in 96% sulphuric acid 
at 0° C , the bromine numbers of fractions agree with those 
calculated for mono-olefines, the carbon-hydrogen ratios 
agree with the formula and non-destructive hydro- 

genation yields a product contaming only paraffins 
At the higher temperatures (330-370° C) secondary 
reactions take place, resulting in a hquid product contain- 
ing only 85% of unsaturated hydrocarbons Paraffins are 


present in the lower boiling fractions (that boiling at 25- 
63° C containing 80% paraffins), but the amount decreases 
with rise m boiling-point Cyclo-paraffins occur m frac- 
tions boihng at 155° C and above, while aromatics are 
found only m the very highest fractions The degree of 
unsaturation of the products obtained from the catalytic 
polymerization of propylene is much greater than in the 
case of thermal polymerization 
Butylenes Of the three butenes, isobutylene polymerizes 
the most readily and butene-1 the least, in the presence of 
liquid phosphoric acid At 130° C the products obtamed 
consist almost entirely of mono-olefines, but the mixture is 
very complex By reducing the polymerizing temperature 
the complexity of the product is reduced, and at 30° C iso- 
butylene gives a product containing only di-isobutylene 
and tri-isobutylene It has been observed that butene-1 
and butcne-2 are polymerized much more readily in the 
presence of isobutylene than in its absence Similarly, the 
butylenes exert a promotmg effect in the polymerization 
of propylene The butylenes undergo isomerization in the 
presence of phosphoric acid [56, 1934] 

Results obtanud on Cracked Gases Much information 
has been published by members of the staff of Universal 
Oil Products Company concerning the polymerization of 
cracked gases and them fracUons using catalysts of the type 
descnbed above The data summarized in Table XIV is 
typical of the results obtained on lean residue gas, stabihzer 
overhead, and stabilizer reflux The yields of polymers 
mentioned in Table XIV should be compared with the 
theoretical figures given in Fig 2 


Properties of Products 

It has previously been stated [18, 1936] that all phos- 
phoric acid or phosphate catalysts, operating under the 
same conditions, give essentially the same product, the 
gasohne fractions are also of the same octane number (i e 
78-82CFR Motor Method) True boiling-point distilla- 
uon curves of the products obtained from feed stocks 
containmg both propylene and butylene show no decided 
flats corresponding to pure compounds, but, on the other 
hand, catalytic polymers obuined by the treatment of 


Table XIV 

Catalytic Polymerization of Cracked Cases 
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cracked C 4 fractions under mild conditions consist mainly 
of dibutenes and tributenes 

The anu-knock blending value of catalyUc polymer spirit 
is of particular importance In Figs 13-15 are plotted the 
C F R Motor Method octane members of this material 
and other synthetic gasolines in three different base spirits 
[18, 1936] The blending value of any polymer spirit 
expressed in terms of ‘blendmg octane numbers' (see note 
on p 2075) IS naturally greatest in base spu-its of low 
octane ratmgs, and Fig 16 shows how the blending octane 
numbers of catalytic polymer spirit range from 125 to 82 
according to the nature of the base spirit and the concen- 
tration of polymer spirit used The octane numbers of 
fractions of catalytic polymer spirits show little variation 
with boiling-point, as shown in the following figures 
referrmg to material produced from reflux liquid using 
granular acid cadmium phosphate catalyst 


F R Motor Method ot tone numbers 



Properties of Typical Catalytic Polymers 
{Phosphate Catalysts) 


30\m525\ 70% in 52 5 
I oitanr no ' octane no 
base spirit j base spirit 


The octane number of the spirit produced from a cracked 
C 4 fraction is 78-82, and does not change from this value 
if the isobutene content of the feed (25% by volume) is 
removed prior to catalytic polymerization 
Details of the properties of typical polymer products are 
given in Table XV 

Selective Catalytic Polymerization. 



A recent development is the catalytic polymerization, 
using phosphate catalysts of the types referred to above, 
of C 4 fractions contaimng considerable amounts of iso- 
butylene, whereby di-isobutylene and tri::isobutylene are 
produced These when hydrogenated under non-destruc- 
tive (1 e reducing) conditions give iso-octanes and iso- 
dodecancs of c 95-100 octane number, which are valuable 
constituents of aviation fuels, being saturated in chemical 
nature and gum free 

It IS not feasible to fractionate di-isobutylene from cata- 
lytic polymers produced from feeds containing ethylene 
and propylene m addition to isobutylene, because in this 
case the yield of di-isobutylene is low and its recovery un- 
economic The reason for this is that the isobutylene con- 
denses with the lower olefines to give products that are not 
di-isobutylene and which do not give 100 octane number 
products on hydrogenation 


The Refining of Catalytic Polymer Gasoline. 

Polymer gasolmes produced from desulphurized cracked 
gases usmg phosphate catalysts are normally suitable for 
the Amencan market after re-runmng to the desired end- 
pomt and the addiuon of the reqiusite amount of gum 
inhibitor To mask the slightly yellow colour dyes are 
often added as well. 

m Dd 


Conclusions arrived at as a result of refining tests may 
be summarized as follows 

1 200 'C EP distillates from the crude polymer are 
practically water white, but very unstable to normal gum 
tests A finished spirit of specification gum content and 
gum stability has not been produced by the normal acid 
treatment applied to the total polymer The potential gum 
content oi the polymer spirit increases rapidly with boiling- 
point 

2 200 ’ CEP distillate from crude polymer spirit may 
be stabilized against gum formation to an extent satis- 
factory for normal conditions by the addition of inhibitors 

3 Blends of crude polymer with normal cracked spirit 
can be refined to give a fimsbed product of good colour and 
gum stability by conventional acid treatment followed by 
redistillation and final neutralization The amount of acid 
required is very small 

Alternatively, the crude polymer may be fed to the crack- 
ing plant primary tower as reflux — ^m which case the poly- 
mer bottoms pass to cracking stock and the polymer spint 
IS blended with cracked distillate for refining The polymer 
bottoms crack readily to give a spuit of 80 octane 

Catalytic polymer bottoms (1 e the fraction boihng above 
200° C ) is at the moment of little use as a Diesel fuel, the 
cetene number bemg only about 35, and is obviously better 
employed as a depolymenzation stock 



% IN 52 5 OCTANE NUMBER BASE SPIRIT % IN 65 OCTANE NUMBER BASE SPIRIT 




% IN 70 OCTANE NUMBER BASE SPIRIT 



% DISTILLATE % VOLUME IN REFERENCE FUEL A3(43 6 ON) 


TEMRERATURE’C 
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SuliAiiric Acid as a Polymenzation Catalyst 
A recent development of considerable importance is 
the polymerization of isobutylene to di-isobutylene in the 
presence of sulphuric acid and the hydrogenation of the 
polymer to iso-octane This is dealt with fully in another 
article 
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Of these the only one not yet fully developed is No 4, 
in which the dehydrogenation process is still m the experi- 
mental stage 

For the treatment of the olefine constituents of cracked 
gases the following processes are available — 

1 Pyrolysis to aromatics — e g Alco Pyrolysis Process, 



A Companson of the Processes now available for the 
Production of Synthetic Gasohnes from the Gaseous 
Hydrocarbons 

The processes described above for the production of syn- 
thetic gasolines from waste petroleum gases vary in their 
applicability and in the nature of the products they give 
For the treatment of paraffinic gases containing no olefines 
there are four alternatives 

1 Pyrolysis to aromatic— e g The Alco Pyrolysis Process 

2 IVrolysis to olefines — followed by polymerization — 
these steps being carried out separately — eg The 
Alco Multiple Coil Process 

3 Simultaneous pyrolysis — polymerization — e g The 
Kellogg Umtary Process 

4 Dehydrogenation to olefines — foUowed by poly- 
merization 


2 Thermal polymerization — e g Alco and Kellogg 
Processes, 

3 Catalytic polymerization— e g U O P Process, 
while the paraffin constituents of cracked gases may be 
handled by the processes listed above 

The gases amenable to treatment by these operations 
include ethylene and the higher gaseous olefines, and the 
paraffins propane and butane No satisfactory methods 
for the treatment of methane and ethane are yet available, 
although active development work is m progress 
The greatest yields obtamable from a cracked or 
straight-run gas are realized by suitable combinations of 
dehydrogenation and catalytic polymerization processes 
The products obtained by the various processes are com- 
pared, with respect to distillation range and anti-knock 
values, in Figs 17-19 [19, 1936] 
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NOTE 


The ‘Blending octane number of j spirit is calculated as 
follows 

Octane number of blend — Octane number of base y Concentra- 
tion-! Blending octane number of added spirit xConcentraDon 
e g if a 50/50 blend of base spirit and a polymer spirit has an oetane 
number of 74 and the base spirit alone has an octane number of 


52 5, then the ‘Blending octane number' of the polymer spirit at 
this concentration is given by 

74 — 52 5 X 0 5 ! Blending octane number x 0 5 

Blending octane number — - 95 5 
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A BRIEF fflSTORY OF PETROLEUM CRACKING 

By BENJAMIN T BROOKS, Ph D , Consulting Chemical Engineer 


Cracking processes are those processes employed to con- 
vert petroleum oils of high molecular weight and high 
boiling-point range to products of smaller molecular weight 
and lower boiling-point range Some polymerization or 
condensation to higher boiling oils or tars invariably occurs 
in cracking processes, but the term ‘cracking’ is almost 
universally employed as descriptive of processes for the 
decomposition of hydrocarbon oils 

The origin of the term ‘cracking’ is almost as old as the 
industry itself In 1869 S F Peckham [38, 1916] in an 
article entitled ‘On the Distillation of Dense Hydrocarbons 
at High Temperatures, technically termed Cracking’ stated 
that ‘dense petroleums which yield pracUcally no 
illuminating oil by ordinary treatment, by distillation under 
pressure are subjected to what is technically termed “crack- 
ing” and made to yield from 28 to 60“^, of oil fit for 
burning ’ Peckham employed pressures of 30 to 40 lb 
persq in 

The cracking of petroleum oils has been carried out for the 
manufacture of gaseous products, e g in the manufacture 
of Pmtsch gas and oil gas as produced in California, since 
about 1904, to a limited extent to increase the yield of 
kerosine and since 1913 to produce gasoline from oils 
boiling above gasoline range The present discussion 
makes no attempt to evaluate the much-debated questions 
of patent priority, nor to analyse the differences between 
processes known under various names, which have been 
argued at great length in many cases before the courts 
Rather, the present review aims to present mainly those 
relatively outstanding developments which have been 
carried out on a large scale irrespective of mce questions 
of patent law, the abandoned or very imperfect designs of 
many patentees, and debatable fine distinctions of language 
which have thrown a fog of verbiage about this subject in 
the last 20 years 

It is perhaps misleading that cracking processes installed 
by many compames bore names implying some distmctive 
pnnciple or novel features, which in many instances was 
not the case However, to distinguish fairly between all of 
them would be to assume the functions of a court Any one 
who has read the testimony of the cracking patent infnnge- 
ment suits in the United States courts will appreciate this 
difficulty In this discussion the names associated with 
important commercial installations will be used Some 
questions of priority and invention have been settled by the 
courts, and will be briefly noted, but many others remain 
unsettled 

The need for optional flexibility of yields of gasohne 
could not be said to have been urgent prior to about 1911 
Up to that time there had generally been a surplus of gaso- 
line, and as late as 1913 much gasohne was still marketed 
in the Umted States under the name ‘stove gasoline’ It is 
possible that many of the processes described m the patent 
literature prior to 1911 could have been developed mto 
practical operating processes had the need existed 

The first crackmg process to be successfully operated on 
a large mdustrial scale primarily for the object of increasmg 
the gasohne yield was the pressure distillation process 
developed by William M Burton and his associates at the 
plant of the Standard Oil Company of Indiana at Whibng, 


Indiana, in 1912 and installed on a large scale in 1913 
Prior to this time much experimental small-scale work had 
been earned out and many patents had been issued which 
became important only in the light of the experience with 
cracking processes acquired subsequent to 1913 

The Period prior to 1913 

The earlier work on cracking prior to 1913 has been well 
reviewed by Lomax, Dunstan, and Thole [38, 1916] In 
the early days of organic chemistry, 1860 to 1890 the 
decomposition of all sorts of organic substances by passing 
them through hot tubes was a common procedure Such 
work was generally only of a very rough qualitative 
character Petroleums and various hydrocarbons were 
subjected to the common method Such work may be 
considered to be suggestive of vapour-phase or atmospheric 
pressure cracking Of this early work that of Berthelot 
[8, 1866-7] on the formation of benzenoid hydrocarbons 
stands out and is of interest to-day in view of the new 
industrial interest in this field of work 

Oncoftheearlycrackingproccsses which appears actually 
to have been carried out on a small industrial scale was 
that of distilling heavy oils under pressure of about two 
atmospheres' in a steel boiler capable of withstanding 
pressures up to 7 atm This process, patented by James 
Young m 1865, was later described by him [56, 1867} as 
havmg been practised for the production of illuminating 
oils The well-known experimental work of Thorp and 
Young [51, 1871-3] on the decomposition of paraffin wax 
by distilling under pressure was carried out in order to gam 
further information regarding Young’s process Young 
noted that the bottom of the still had to be frequently 
cleaned, an operaUon later to be carried out in the Burton 
shell stills after each run 

Some years later, in 1886, the distillation of heavy petro- 
leum oils under pressures of 3 to 6 atm was earned out in 
the Riebecksche Montanwerke [45, 1885] The Riebcck 
plant was located at Halle, Germany Brown coal tars and 
petroleum were distilled under pressures up to 6 atm [46, 
1887], according to the Krey patent [35, 1885] The 
distillation was earned out in a cast steel retort or still with 
a valve interposed between the still and the condenser 
Engler [16, 1888] described the Krey operation as carried 
out at the Riebeck plant and stated that by varying the 
pressure light oils ot the character desired could be pro- 
duced (‘durch Variation des Druckes es volhg in der Hand 
hat, leichte Oelc von beliebiger BeschafTenheitherzustellen’) 
It IS of mterest to note that a heavy residual oil from Oel- 
heim yielded 75% by weight of a distillate contauung 48% 
by volume of material distilling below 200° C , or within 
the distillation range of present-day motor fuel 

The size of the pressure still employed at the Riebeck 
plant IS mdicated by tests described by Grotowsky 
[22, 1888] showing that batches of about 480 kg or about 
130 gal were distilled Krey states that 2i distillaUons were 
earned out in 24 hr [36, 1887] 

The well-known pubhcations of Engler [17, 1897] on 
crackmg, and his analytical investigations of the products 
formed were of academic mterest and perhaps were of 
indirect value years later as having shown the character of 
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the hydrocarbon mixture distilling below 200” C or withm 
the gasoline distilling range Since Engler examined pro* 
ducU made by the Krcy method in 1897 it is evident that 
the Krey method was operated for some 12 years or more, 
even though on a scale which to-day seems very small 
indeed 

In the meantime a number of researches were published 
and several processes patented for the conversion of petro- 
leum oils to benzenoid hydrocarbons by cracking at 
relatively high temperatures In 1885 Redwood [44, 1885] 
described the attempts then being made at Baku m the 
refinery of the Nobel Brothers, to produce benzene hydro- 
carbons, and stated that the work could only be regarded 
as experimental None of the numerous processes pro- 
posed for the conversion of petroleum oils to benzene and 
related hydrocarbons was industrially successful up to the 
penod of the World War, although benzene and other 
benzenoid hydrocarbons were recovered m relatively small 
quantities as by-products of the manufacture of oil gas by 
crackmg at high temperatures It will be remembered that 
benzene was discovered by Faraday in 1825 and first des- 
cribed m his paper ‘On New Compounds of Carbon and 
Hydrogen, and on certain other products obtained during 
the decomposition of oil by heat ’ Fish and vegetable oils 
were used In 1884 Armstrong published his well-known 
paper on the ‘Manufacture of Gas from Oil’ [3, 1884], 
followed later by a study, by Armstrong and Miller, of the 
liquid products formed (4, 1886] The Pintsch oil-gas 
process was patented m 1873, but the operation was later 
modified m most plants to produce Blau gas Blau gas was 
made by crackmg oil m Pintsch retorts at lower tempeia- 
tures, 1 e 600-700" C , instead of 800-900° C Crackmg 
under these conditions gave a smaller yield of a richer gas, 
and after condensing most of the benzene and higher boiling 
oils the gas was compressed to obtain a liquid mixture which 
was gasified on releasing the pressure This was manufac- 
tured widely m Europe and America, principally for lighting 
railway coaches, for many years The easily liquefiable 
products, as shown by Armstrong and Miller, included 
benzene, toluene, xylenes, mesitylenc, naphthalene, &c , 
also amylenes, hexylenes, and the like The conversion of 
petroleum hydrocarbons to aromatics by high-temperaturc 
crackmg continued to be carried out incidental to gas 
manufacture until the war time demand for benzene and 
toluene stunulated efforts to increase the yield of benzene and 
toluene The development of gas-polymenzation processes 
m recent years (1932-6) has aroused new interest m the pro- 
duction of aromaUcs from refinery crackmg still gases and 
from propane and butane There are at present indications 
that the demands of the chemical industry for aromatic 
hydrocarbons, particularly toluene and naphthalene, may 
outstrip the ability of the by-product coke industry to 
supply them Their manufacture from petroleum gases 
promises to reheve the situabon 

Dunng the period immediately following the issue of the 
Young patent numerous patents were issued which are of 
considerable interest in the light of to-day’s knowledge and 
experience with crackmg, but which were apparently never 
earned out on a scale sufficiently large to have made any 
impression on refinery practice or to have left any tangible 
record of their actual operation To this class belongs the 
well-known patent of Benton [7, 1887] who proposed heat- 
ing oil m a coil to 371-537° C under a pressure of 500 lb 
per sq m The coil was connected to an evaporating or 
flashing chamber and thence to a condenser Theprocessof 
Dewar and Redwood, like that of Krey, was evidently de- 


signed for very small-scale operation [14, 1889-90] One of 
the most interesting of the patents of this period was that 
issued to Carl Pielsticker [43, 1890-2] Although the Picl- 
sUcker patent is generally regarded as a paper patent it is 
nevertheless of interest His process provided for con- 
tinuous operation, oil being pumped through a heatmg coil 
where it was heated under pressure The heatmg coil dis- 
charged into a chamber provided with a draw-off for heavy 
residuum and an upper outlet to a condenser ‘ When it is 
intended to produce lighter gravity oils, a valve is placed 
between the outlet of the retort and the condenser which 
may be left open only so far as to create a certain pressure 
of gases inside the retort ’ (chamber) He also appreciated 
that ‘by passing the oil through the coil with great velocity 
the deposition of the carbon or heavy matter which would 
soon choke up the coil was prevented ’ The length of his 
pipe coil was 200 ft of pipe having diameters of 1 to 2 m 
Special provision was made for closing the return bends of 
the coil so that the tubes could be cleaned Pielsticker 
was 20 years ahead of the need of crackmg So far as 
American practice is concerned the earliest type of pipe 
stills to be used in large-scale work were the Trumble 
umts installed in the Shell Company plant in California 
about 1910 

In 1904 Ipatieff [30, 1904] published experimental results 
which are of great interest m the light of later developments 
His work showed that in crackmg petroleum under pres- 
sures withm the range 120 to 340 atm , the evolved gases 
become continually poorer in hydrogen, m spite of the 
higher temperatures involved at the higher pressures 
A little later Ipatieff [31. 1911] showed that ethylene was 
readily polymerized when heated to 400-50" C under 
pressure in contact with finely divided iron or copper 
Much experimental work has been done on the influence 
of metals and other catalysts on the decomposition of 
hydrocarbons which, however, has had little or no indus- 
trial result and need not be reviewed [42, 1910, S3, 1911] 

The effect of anhydrous aluminium chloride m cracking 
or splitting hydrocarbons was noted as early as 1877, when 
Abel [1, 1877] patented treaUng petroleum hydrocarbons 
with this reagent at temperatures above 100° C The 
polymerizing action of aluminium chloride on olefines 
was noted by Heusler [25, 1896], Engler [18, 1910], and 
others Practical refinements of this process came later 
(see below) 

While the earlier crackmg processes had for their object 
increasing the yield of illuminating oil, the need for greater 
yields of motor fuel was foreseen at least as early as 1908 
In that year Noad and Townsend [41, 1908] started a 
development which was followed up for several years by 
the New Oil Refining Process Although finally abandoned 
the work done is of interest Solar oil distillate was cracked 
at 1,000-1,200° F [538-649° C ] by passing it with steam 
through heated horizontal tubes 12 ft long and 9 m dia- 
meter loosely packed with iron turnings The cracked 
distillate was refined by treatmg with sulphuric acid and 
alkali and steam distilled, a practice widely followed later 

Many other patents were issued during this period 
which arc mainly of mterest to the legal profession 

The Period 1913-36 
The Burton Process. 

On 1 March 1913 the Standard Oil Company of Indiana 
announced a new ‘motor spirit’ It was to cost the con- 
sumer 3 cents a gallon less than straight-run gasoline 
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A laboratoiy mspectjon report stated that the ‘new motor 
spirit resembled gasoline in distJlation range, was yellow 
in color and had a pungent odor* It was expected that 
the product might And a use in stationary engines and 
motor trucks Some experienced refiners doubted if such 
a product could be marketed The original Burton patent 
was filed on 3 July 1912 and construction of the first imit 
was started in the summer of 1912 at the Whiting, Indiana, 
plant of the Standard Oil Company of Indiana On 7 
January 1913, the first of the Burton patents was issued, 
USP 1,049,667 

The first large still was 8 It in diameter and 20 ft long, 
made of J-in mild steel plate As a result of the successful 
operation of this unit, 60 similar stills were bui It These first 
units were heavy nveted shell stills of 200 to 250 bbl capacity 
Gas oil or similar distillate was the charging stock used, the 
oil being heated to about 750 F and the pressure main- 
tamed ongmally at about 75 lb A little later the pressure 
regularly employed was 95 Ib The distillation was slow, the 
stills being provided with long air-cooled vapour lines for the 
purpose of returning the heavier oil [28, 1914] The operat- 
ing cycle was about 48 hr per batch, the yield being about 
50% of 48-52° distillate After emptying, the stills were 
cooled sufficiently to allow workmen to enter them and 
scrape the carbon from the bottom The settling of coke 
particles on the hot bottoms was reduced by inserting false 
bottoms of thin movable steel plates [29, 1914] Late in 1914 
£ M Clark, an associate of Burton and Humphreys and 
later a vice-president of the Standard Oil Company of New 
Jersey, patented [10, 1914] the cracking of oil in a circulatmg 
system, the oil being pumped through a heating coil to a 
chamber from which vapours were withdrawn to a con- 
denser and residual oil recirculated to the heating coil A 
little later Clark [1 1 , 1921 ] patented the process of cracking 
oil in an apparatus resembling a water-tube boiler, the pro- 
cess being generally known as the ‘Burton-Clark process’ 
and the apparatus ‘Burton-Clark tube stills’ Circulation 
of the oil was obtained in this type of still by thermo- 
siphon effect, more rapid crackmg and distillation was 
possible on account of the large heating surface, and less 
coke was deposited on the heating surfaces (tubes), per- 
mitting longer runs without cleaning As described m 1925 
by Howard [27, 1925] a total of 350 bbl of gas oil could be 
handled durmg an operating cycle of 53 hr in a still of 
200 bbl charging capacity, fresh oil being supplied during 
the operation 

In the meantime the greatly increased demand for gaso- 
Ime during the World War caused the widespread installa- 
tion of the Burton process in American refineries At the 
Neodesha, Kansas, refinery of the Standard Oil Company 
of Kansas, A S Hopkins improved upon the Humphreys 
air-cooled run-back line by adding fractionatmg columns 
which refluxed the heavier oils back to the stills [26, 1916] 

As late as 1928, 1,200 Burton or Burton-Clark stills were 
still in existence, but by 1930 only 191 units were reported 
still m operation The largest installations were those at 
Bayway, New Jersey, Neodesha, Kansas, and Whitmg, 
Indiana In 1920 more than 15,600,000 bbl of gasoline 
were produced by this process 

On 17 May 1918 Dr Burton was awarded the Willard 
Gibbs Medal by the Chicago section of the American 
Chemical Soaety, and on 13 January 1922 he received the 
Perkin Medal from the American Section of the Society 
of Chemical Industry It is a tribute to the supervision 
of thiS operation and the discipline of the operators 
that, according to Dr Burton, 8 years elaps^, with 


several hundred stills in operation, before a fatal accident 
occurred 

In the refinmg of cracked gasoline very high treatmg losses 
were common The bel lef was common at this time that un- 
saturated hydrocarbons were undesirable constituents of 
motor fuel The odour of the product even after drastic 
refining was different from that of straight-run gasoline and 
therefore considered objectionable by some This idea of 
the greater desirability ot the saturated paraffins, m gasoline, 
IS reflected in the Burton patent, by Burton's curious insis- 
tence that placing the valve on the cold side of the condenser 
was conducive to the tormation of normal paraffins rather 
than unsaturated hydrocarbons Treatment of the crude 
pressure distillate with sulphuric acid followed by re- 
running, usually with steam, and sweetening with alkaline 
plumbite was the usual procedure Cracked gasolme was 
sometimes blended with straight-run gasoline before treat- 
ing in order to ease the action of the rather large propor- 
tions of sulphuric acid then commonly used 

During the 1 2 years from 1 9 1 3 to 1 925 the Burton process 
and Its improved forms practically monopolized the manu- 
facture of cracked gasoline During this period, however, 
much experimental and semi-commercial scale development 
work was being earned out on processes which were later to 
become well known As early as 191 3 Roy and Walter M 
Cross began experimental work in Kansas City, finally 
licensing their first commercial unit in 1920 The Texas 
Company erected the first large Holmes-Manley unit in 
1917,followed in 1919 with a battery of units at Port Arthur, 
Texas The Dubbs process was also being developed during 
this period Work on vapour-phase or low-pressure crack- 
ing was also being vigorously carried out The work of the 
New Oil Refining Process Company has been referred to 
Probably the best known of the vapour-phase processes at 
this time were those associated with the names of William 
A Hall, Charles J Greenstrcct, and Walter F Rittman 

At the time the first Burton units were installed very little 
was known of the tensile strength and other properties of 
steels at the temperatures required for crackmg, and some 
experienced refinery opcratois regarded the original Burton 
shell sUlls as too hazardous to warrant their installation 
Bacon and Clark [5, 1914] showed that cracking was more 
rapid and the yields of gasoline appeared to be higher and 
the gasoline formed less unsaturated by distilling heavy 
oils under pressures withm the range l(X>-300 lb This 
patent, assigned to the Gulf Refining Company, was not 
followed up by plant development until several years later 
when pressure crackmg had become widely practised The 
proposal of the Cross brothers at this time to employ pres- 
sures of 6(X) Ib was all the more daring in the light of the en- 
gineering skill and metallurgical knowledge then available 

The Coast process was first installed at the Cosden 
Refinery in Tulsa, Oklahoma, in 1917 It was very similar 
to the original Burton shell still process, havmg shell stills 
8 by 40 ft One difference vras that in the Coast pro- 
cess a pressure-control valve was interposed between the 
still and the condenser A number of other auxiliary fea- 
tures were desenbed by Coast [12, 1918] such as a layer of 
molten lead on the still bottom, a mechanical device to 
keep coke from accumulatmg on the still bottom, or intro- 
duemg gas or steam into the hot oil vapours, &c , but none 
of these features became of importance In 1924 the Stan- 
dard Oil Company of Indiana brought suit agamst the 
Mid-Continent Refining Company for infringement of the 
Burton patents, and the suit was settled out eff court by the 
payment of a substantial sum by the defendants 
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The Fleming process also resembled the early Burton 
process in that a body of oil was heated and distilled at 
moderate pressures The Fleming still was developed at the 
Martinez Refinery of the Shell Company of Califorma in 
1920 The still was set in an upright position, instead of 
being horizontal The bottom was not heated, but the side 
walls of the still were heated This arrangement sought to in- 
crease the heating surface somewhat and to take advantage 
of the lesser tendency of coke particles to deposit on an 
upright surface The stills were 10 by 30 ft in size The 
charging stock was introduced into the top of the dephleg- 
mator The pressures employed were 110 to 120 lb and 
a unit was on stream 40 to 60 hr averaging about 70 bbl 
of gasoline from 200 bbl of charging stock The sale and 
manufacture ol the units was taken over by the M W 
Kellogg Company The largest Fleming installation was 
that at the Marland Refining Company, now known as 
the Continental Oil and Refining Company, at Ponca City 
Oklahoma 

The Jenkins process generally resembled the Burton- 
Clark process Whereas the latter depended upon thermo- 
siphon action for the circulation of oil through the tubes, 
Jenkins [34, 1917] inserted a motor driven propeller in one 
leg of the still to produce more rapid circulation of the oil 
in the tubes A predetermined amount of residual oil was 
continuously withdrawn from the front cross drum and 
flashed in an expansion chamber, m order to minimize the 
accumulation of coke in the still The process was owned 
by the Jenkins Petroleum Process Company and the Graver 
Corporation acted as sales representatives and builders 
The pressures employed were 1 25 to 200 lb By 1928 about 
50 units were in operation 

The Isom process is the name given to the cracking 
process developed by E W Isom, Vice-President of the Sin- 
clair Refining Company Development work was started 
comparatively early, and Isom s first patent was issued in 
1918 [32, 1918] The unit consisted essentially of about 50 
4-in tubes 20 ft long set vertically and connected to a 
horizontal insulated cylindrical shell 9 by 31 ft in size 
The vapours passed to a reflux tower into which the charg- 
ing stock was pumped Pressure was reduced before con- 
densation of the gasoline A unit (in 1928) processed about 
1 ,200 bbl of gas oil per day, producing about 31 % gasoline 

The Cross Process 

In the earlier Cross installations a clean gas oil charging 
stock, normally 32-6° API gravity, was first heated to 
about 350° F in a heat exchanger in the dephlegmator and 
then heated in two sets of heating coils arranged in series 
to an exit temperature of about 875 to 950° F The oil then 
passed to a reaction chamber, a pressure of about 600 lb 
being maintained on the oil in the coils and reaction 
chamber It was believed that the pressure employed kept 
practically all of the material from changing phase, thus 
requiring less heat input to reach and sustain cracking 
temperatures This feature was strongly emphasized in the 
early years of the Cross process The high pressure main- 
tained in the process permitted kcrosine to be used or 
included in the chargmg stock However, the first com- 
mercial units were arranged only for sin^e-pass opera- 
tion, the yield being 30 to 40% gasoline, 50 to 55% re-cycle 
stock, 5 to 10% residuum, and about 5 % gas The product 
was called synthetic crude The large proporUon of cracking 
per pass necessitated distillate charging stocks 

The reaction chamber, one of the conspicuous features, 
consisted of a heavy steel forging about 40 ft long and a 
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little over 4 ft in diameter It was set m a horizontal posi- 
tion and was well insulated Most of the coke was deposited 
in the chamber Some time later the outlet from the cham- 
ber was changed to the bottom, so decreasuig the amount 
of coke formed that the operating cycle of about 8 days was 
increased to 20 to 25 days The hot liquid and gas was, in 
the first type, discharged together through a pressure valve 
directly to a condenser 

The evolution of the Cross process is well shown by the 
accompanying diagrams (Fig 1) published by H W Sheldon 
[49, 1933] The reaction chambers for the first Cross units 
were made in Germany in the famous Krupp gun shops, 
each chamber being made from a single forging, but later 
these chambers were manufactured by the Midvale Steel 
and Ordnance Company The accompanying diagrams 
show what may be termed the Cross processes of different 
periods All the more successful processes were greatly 
changed and improved as the art progressed 

The Cross units were the first to be arranged to include 
Gray vapour-phase clay treaters Bubble-cap fractionating 
towers were added to the Cross units in 1924, and by the 
inclusion of Gray clay-treating units a year later, first at the 
plant of the Barnsdall Refining Company at Barnsdall, 
Oklahoma, the combined units were able to produce end- 
point gasoline which required no re-running, and no further 
refining other than sweetening In 1926 hot oil recircula- 
tion pumps were added, which added considerably to the 
luel economy of the process Air preheaters were used on 
both Cross and Dubbs heating furnaces prior to 1930 

The first large experimental Cross unit was operated at 
Rosedale, Kansas, prior to 1916 The first licensed com- 
mercial unit was installed m 1920 at the plant of the Indian 
Refining Company at Lawrenccville, Illinois In the follow- 
ing year the Pure Oil Company installed four units at Heath 
Ohio, and the Roxana Company erected two units at Wood 
River Illinois 

In 1921, following about 12 years of experimental work, 
the Cross brothers assigned their patents [13, 1916-19] to 
the Gasoline Products Company of New York The com- 
pany was originally capiulized at $5(X),()00 and all the 
stock was reported to be held in trust by Charles H Sabin, 
President ofthc Guaranty Trust Company, J E Otis of the 
Central Trust Company of Chicago, and Grayson M P, 
Murphy 

The Dubbs Process. 

The Dubbs process has been one of continual develop- 
ment and improvement It grew out of a method invented 
by Jesse A Dubbs [1 5, 1 91 5] for the dehydration of petro- 
leum emulsions by heating under pressure Provision was 
made for the distillation of a portion of the oil under pres- 
sure The original process was carried out on a small com- 
mercial stale near Santa Barbara, California, in 1909 
Some years later a small cracking plant was operated in 
Independence, Kansas The character of this plant and its 
method of operation in 1919 was described in the report of 
a committee of the Western Refiners Association [55, 1919] 
The oil was pumped through a heatmg coil, consisting of 
20-ft lengths of 4-in pipe The hot oil was discharged into 
four 20-ft lengths ot 10-in pipe connected in series by 
return bends and set horizontally and well insulated The 
larger pipes were mamtamed about half full of oil, vapours 
being removed through goose necks to a manifold and 
finally to a condenser The operating pressure was 
normally about 135 lb 

The first licensed commercial unit was mstalled in the 
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plant of the Roxana Petroleum Company at Wood River, 
Illinois, in 1921 The earlier Dubbs units provided for the 
mtroduction of fresh charging stock either at the top of 
the dephlegmator or directly into the line leading into the 
heating coil In either case it was thus blended with 4 to 6 


to low pressures Satisfactory hot oil pumps had to be 
developed As noted in the diagrams of the Cross process, 
the early Cross operation was a single-pass process, bubble- 
cap fractionating towers and hot-oil circulatmg pumps 
bemg added later In the early Dubbs units the dephlegma- 
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parts of recycle stock condensed in the dephlegmator The 
earher units depended for oil cuculation upon the head of 
oil flowing from the elevated dephlegmator, a conspicuous 
feature of these installations The oil left the heating coil 
at about 900° F passing into the expansion drum or 
‘reaction chamber’ from which the vapours passed to the 
dephlegmator On account of the low pressures employed, 
the early Dubbs process, like the Burton, did not use 
kerosine as charging stock 

It will be remembered that at this tune, 1921-2, the weld- 
ing of thick steel was not satisfactory and the expansion 
drums, which were large, accordmgly lumted the operation 


tors were relatively small and the distillate contamed 
about 00% gasolme 

The Dubbs process was the first to process heavy residual 
oils This was made possible by the dilution of the heavy 
charging stock by the distillate condensed m the dephlegma- 
tor, by the large reaction chamber where the hot residues 
were permitted to coke, and particularly by the fact that 
only 6 to 10% of cracking was effected per pass, thus 
minimizing coke formation in the heatmg tubes. 

ReSuxmg the distillate and recycling clean distillate 
to the crackmg system was an early feature of the Dubbs 
development, and also of the Holmes-Manlpy Behimer 






lilt lirsl itmiiiicrtidl Cross uiiil Indian Rklining Cunipan> Hirst conimLrLi il Dyro installation at Cabin Crttk, 

at Litt rentes ills Illinois 1921 West Virginia, 1916 



Fleming tracking units operuttd at the Ponta City Rclincry of 
the Continental Oil Company (formerly Marland Refining Com- 
pany) from October 1922 to July 1929 
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process of the Texas Company The principle of ‘clean 
circulation’ was one of the few cases of patent infringe- 
ment and validity to be definitely settled by the courts 
The Universal Oil Products Company brought suit in 1929 
against the Root Refining Company, opcratmg a Winkler- 
Koch unit, for infringement of the patent generally known 
as the clean circulation patent, issued to C P Dubbs, 
U S Pat 1,392,629 (1921) Decision favourable to the 
Universal Oil Products Company was awarded by the 
United States District Court, Wilmington, Delaware, and 
confirmed by the Circuit Court of Appeals, Third Circuit, 
which decision became final on 21 October 1935, when the 
United States Supreme Court refused review of the case 
The units could be operated to produce substantially 
only coke, uncondcnsed gas, gasoline, and pressure distil- 
late bottoms, or by withdrawing heavy fuel oil from the 
reaction chamber, greater daily throughput and longer 
operating cycles could be attained The reaction chambers 
were in some cases made quite large, those installed at the 
plant of the Marland Refining Company (now Continental 
Oil Company) at Ponca City, Oklahoma, in 1926 being 10 
by 40 ft in size Two reaction chambers were usually pro- 
vided for each unit, one being emptied while the other was 
in operation In 1928 Morrell, Farragher, and Mekler 
introduced a special cement coating for the interior of 
reaction chambers to prevent their corrosion 
The disposal of the coke produced in the Dubbs process 
was a problem in some cases, since the coke was softer and 
contained much more oil and sulphur than the coke made 
in old-fashioned coking stills It was sometimes ground and 
burned locally as plant fuel, and in some cases it was 
bricquetted with satisfactory results However, it had been 
noted by others that coke appeared to be formed by con- 
densation reactions in the heavy tarry residuum About 
1 928 some Dubbs operations were changed by not allowmg 
the hot residuum to remam in the reaction chamber, the 
formation of coke and its accumulation m the chambers 
being largely eliminated [50, 1929] By 1930 Dubbs plants 
were reported as operating continuously for as long as 
500 hr 

These studies of coke formation, beginning about 1927, 
had a profound effect upon cracking processes, all the well- 
known processes up to that time maintaming, m one form 
or another, a large body of hot oil in the system In fact it 
had been widely believed that the maintenance of a large 
body of hot oil in the system was necessary to form satis- 
factory yields of gasoline and keep coke out of the heating 
tubes This idea was reflected in the commonly used name, 
reaction chambers’ The idea of a body of hot oil was 
completely discarded in the de Florez process, m 1928, 
and this feature rapidly became common practice m other 
processes Where reaction chambers existed the operauon 
was changed to run at low liquid levels m the chambers, 
and flash-distil the hot residuum further to improve the 
matter of clean oil recirculation Flash distillation of hot 
residuum had been practised m connexion with the Holmes- 
Manley process from a much earher date 
In 1925 the average daily capacity, of chargmg stock, of 
the crackmg units then m operaUon was 329 bbl per day 
In 1931 this had been increased by new units of larger 
capacity and the retirement of old units to an average of 
1,416 bbl. per day The number and capaciUes of the 
more important cracking processes in 1931 are given in 
the Table in the next column 
The Dubbs patents were acquired by the Umversal Oil 
Products G>mpany which was largely owned by J Ogden 
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Armour In 1916 a suit was filed against the Standard Oil 
Company of Indiana for infringement of the first Jesse A 
Dubbs patent, noted above No decision was ever reached 


1931 Census of Cracking Plants in the United States, and 
Average Capacities 


Type of process ' 


No of a/tiff 


Total capacity, | Average 
Ml per day | capacity 


Burton ' 793 

Dubbs ' 185 

Cross ISO 

Tube and T.ink 1 18 

Holmes-Manley 115 

Jenkins 46 

de Flore? 6 

Gyro 20 

Jsoin IIS 

Others > 320 


i 164,249 207 

' 252,250 I 1,366 

I 245,800 1,638 

385,460 3,266 

233,900 I 2,033 

I 66,150 1,438 

13 550 ' 2,258 

16,000 800 

179,150 1,557 

394,272 I 1,232 


in this famous case, a settlement being finally made between 
the interested parties 


Carburol Process. 

The formation of coke in reaction chambers and its con- 
trol by maintaining very low liquid level in the chambers 
has been referred to The logical limit in this direction 
appears to be exemplified in the Carburol process developed 
in Germany and first described by K Bender in 1929 [6] 
In this process the pressure-release valve is placed between 
the heatmg coil and the first separatmg drum A small plant 
was installed in Stuttgart m 1928 The equipment is 
fabricated by the Rhein-Metall Borsig, Germany 


Winkler-Koch Process. 

The crackmg system illustrated in Fig 2 is also charac- 
terized by omission of a reaction chamber The complete 
arrangement varies according to whether crude, topped 
crude, or gas oil is employed as chargmg stock The 
process has been installed during the last 10 years in 
numerous plants in the United States and Europe The 
Winkler-Koch imits incorporated complete crude skim- 
ming with cracking at the Root Refinmg plant about 1928 


Holmes-Manley Process 

The Holmes-Manley process was developed by the Texas 
Company, who built the first unit in 1917 The most con- 
spicuous feature of this process was a series of four reaction 
chambers m an insulated brick settmg and maintained at 
moderate cracking temperatures by applymg heat The umt 
comprised a cracking coil mcludmg an economizer and pre- 
heater section, four reaction chambers, 5 by 41 ft in size 
and3-in walls, electrically welded The reaction chambers 
were provided with scrapers A fractionating column for 
overhead distillate and a flash tower for hot residuum 
were also provided The older units operated at 250 lb 
pressure, which was later mcreased to about 400 lb By 
1928 the Texas Company operated about 100 of these umts 
and about 50 were licensed to others 


Tube and Tank Process. 

The Tube and Tank process was developed by the Stan- 
dard Oil Company of New Jersey, which company owned 
the Ellis patents, these units being developed following an 
extensive expenence with the Burton process The process 
was originally earned out at moderate pressures, but as 
better welded chambers and better alloy tubes became avail- 
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able the operating pressures were increased to 350 lb , then 
to 450 and 750 lb . and finally to 1,200 lb In 1929 the 
Standard Oil Company of Ohio installed a plant operating 
under 1,000 lb pressure and 915'’ F Chrome-nickel steel 
tubes were used In 1931 the Associated Oil Company 
installed a unit at Avon, California, having a daily capacity 
of 10,000 bbl 

In August 1922 the Standard Oil Company of New Jersey 
brought suit against the Pure Oil Company, operating Uk 
C ross process, for infringement of the Elks patents The 
case was never brought to trial and was dismissed following 



an agreement with the Gasoline Products Company entered 
into in 1923 In 191 5 the New Jersey Company had entered 
into an agreement with the Standard Oil Company of 
Indiana, owner of the Burton patents, and later the Texas 
Company was included In 1925 the United States Govern- 
ment brought suit against the group involved in these cross- 
licensing agreements In this suit the government un- 
successfully sought to show that the patents relied upon 
by the defendants were not valid in that they were anu- 
cipated by prior art 

Emerson Process. 

The Emerson process started with experimental work by 
V L Emerson in Philadelphia in 1916 In November 1920 
the first two of twelve Emerson stills had been erected in 
the Schaffer Oil Company plant at Cushing, Oklahoma 
These stills were rated as producing about 50 bbl of gaso- 
Ime per day Mr Shaffer, of this company, was one of the 
financial supporters of the process Early in 1921 twelve 
Emerson stills were erected at the Gulf Refining Company 
plant at Port Arthur, Texas One feature of the process was 
the distillation of oil from the so-called ‘Secondary Still’ 
under about 100 lb pressure, which probably accounts for 
the gasoline made After a brief period the operation of 
the Emerson stills was discontinued 

Vapour-phase Processes. 

The work of Noad and Townsend [41 , 1908], and Neilsen 
[40, 1908, 1911, 1913] on the process operated m England 
by the New Oil Refimng Process Company has been 
referred to This work began about 1908 It consisted 
essentially m passing a mixture of oil and water or steam in 
the propoitions of about 2 to 1 respectively through tubes 
containing scrap iron and heated to a dull red heat 


Work on the Greenstreet process, in America, appears to 
have started about the same time This process also con- 
sisted in cracking oil vapours mixed with steam Green- 
street [21 1914-19] applied for his first patent in 1911 
Commercial units were later installed in refineries of the 
Paragon Refining Company at Toledo, Ohio, the British 
American Oil Company at Toronto, Canada, the Inter- 
ocean Refining Company at BalUmore, Maryland, and the 
Consokdated Oil Refining Company at East St Louis and 
at Cleveland, Oklahoma The largest unit had a capacity 
of about 1,500 bbl of gas-oil charging stock per day, 
yielding 25 to 40% gasoline in one 
pass This size unit had 6 heating 
coils arranged in parallel, each coil 
consisting of 425 ft of 2-in pipe 
The pressure, presumably on the 
inlet side, varied from 75 to 150 lb , 
and the exit temperature of the 
vapours leaving the furnace was 900° 
to 1,200" F [37, 1923] 

The Hall process appears to have 
been the first process used on a 
commercial scale for cracking oil in 
the vapour phase at low pressures 
without the use of steam William 
A Hall, the inventor of the process, 
described it m an address before the 
Institution of Petroleum Technolo- 
gists in London on 18 February 1915 
[23] Hall made very interesting 
and valuable contributions High 
vapour velocities were maintained in the cracking coil, 
which consisted of 300 It of 1-m pipe In the course ot 
his work Hall and his associates one of whom was Luis de 
Florez, discovered that under certain conditions relatively 
small differences in the heating conditions to which the oil 
vapours were subjected made large differences in the pro- 
portion of oil cracked and in the nature of the products 
Hall states ‘Supposing the external temperature in the 
centre of the nest (of tubes) is 560' C , a change from 20“ C 
below that point to 20’ C above may make a difference 
of 50% in the production of gas, and a great difference 
in the gravity of a spirit boiling below a given point, 
but still more marked is the difference in the unsatu- 
rated portions 1 have seen a spirit produced containing 
90% of unsaturated hydrocarbons, and another only 30%, 
both from the same oil, with the same point of cut and 
the same pressure, in fact, with all conditions the same 
except this comparatively small difference in temperature ’ 
In a Hall unit installed for the Texas Company in 1916 
particular attention was given to close temperature regula- 
tion by means of automatic controls on the gas admitted 
to the furnace 

Responding to the exigencies of the war period Hall 
turned his efforts to the production of benzene and toluene 
by employing higher temperatures than are suited for gaso- 
Ime production 

It IS of interest in view of the later work of Frey and his 
associates [20, 1932] that when the hot cracked vapours 
were discharged from the cracking coil into an expansion 
chamber a temperature increase of about 30° C was ob- 
served even though the pressure dropped from about 60 lb 
to about atmospheric pressure Hall attributed this to a 
mechamcal effect, but Frey has shown that under these 
conditions exothe^creaobons occur Thus when propane 
and butane are cracked at about 850° C (1,560° F ) the 
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exothemuc reaction ensuing after the gases leave the crack- 
ing coil causes a temperature increase of about 94° C 
[33, 1917] 

In addition to the Hall umt tested by the Texas Company 
in 191&-17, a small demonstration unit was operated at 
Greenpoint, Long Island, in 1913, the results of which are 
summarized by Dr C F Chandler [9, 1916] However, 
the Hall process did not continue to be operated m the 
United States A small Hall plant was in operation for a 
short time at the Standard Oil Company of New Jersey at 
Bayway, New Jersey 

It IS particularly interesting that Hall noted as early as 
191 S that motor fuel made by his process did not knock 
when used in automobile engines He stated that although 
the mixture of air and fuel ignites very readily the flame does 
not propagate itself through the mixture as rapidly as with 
ordinary gasoline, in other words, his motor fuel was a 
slow-burning fuel Hall also appears to have been the first 
to have noted the formation of gum, which is of course 
excessive in highly unsaturated gasoline, and proposed 
refining the gasoline by filtering through fuller’s earth or 
distilling It with a small proportion of this material 
A series of patents were issued to Hall during the period 
1914-18 [24] 

The Rittman process was a development which had its 
beginnmg in studies of oil cracking which Dr Walter F 
Rittman made at Columbia University in 1914 under the 
direction of Prof M C Whitaker Dr Rittman continued 
his investigations m the US Bureau of Mines Ihesc 
investigations led to the erection of a plant at Pittsburgh, 
Pa, in 1915 in co-operation with the Aetna Explosives 
Company The purpose of the Pittsburgh Rittman plant 
was the production of benzene and toluene The construc- 
tion of tins plant and its operation is described by Dr Ritt- 
man and his associates, C B Dutton and E W Dean [47, 
1915] In contrast with Hall, Rittman employed short tubes, 
12 to 14 ft long and larger diameter, 12 to 16 in Later 
work was done with 8- to 12-in tubes 1 1 to 12 fl in length 
Pressures of 100 to 150 lb and temperatures of 500° to 
575° C were employed A Rittman unit for gasoline produc- 
tion having a capacity of 1,000 bbl per day of charging 
stock was built in 1 9 1 6 for the Germania Refining Company 
Other umts were built for the Gulf Refining Company 
at Port Arthur, Texas, the Indian Refimng Company at 
Lawrenceville, 111 , the Empire Refining Company at 
Okmulgee, Oklahoma, and the Midwest Refining Com- 
pany at Casper, Wyoming The operation of all of these 
plants was discontmued after a relatively brief pcnod of 
operation 

A vapour-phase cracking plant, havmg a daily capacity 
of about 8,000 bbl of charging stock, was built by the Gulf 
Refining Company at Port Arthur, Texas, m 1917 following 
the process patented by Dr C M Alexander [2, 1921-2] 
The charging stock used was a light distillate containing 
about equal parts of kerosine and gas oil Like Rittman, 
Alexander employed relatively short tubes, 20 ft long and 
6 in in diameter, set vertically The oil was vaporized m 
pipe stills and the vapour distnbuted to manifold pipes, 
from which it passed to the cracking tubes through small 
onfices No pressure was used and the temperature main- 
tamed in the range 900-1 ,000° F The operation of the 
plant was discontinued in 1919 

A process was operated by the General Petroleum 
Corporation of Los Angeles in 1917 and 1918 for the pro- 
duction of benzene and toluene A second plant using the 
same process was bwlt by the Standard Oil Company of 
m 


California at Richmond, California, in 1917 The General 
Petroleum Corporation acquired the patent of C H Wash- 
bum in 1916, but the improvement and actual operation 
of the process was carried out under the direction of 
Leslie [37, 1923] The two plants cost approximately 
55,000,000, and were installed to have a daily capacity 
of about 100,000 lb of pure toluene Leslie states that 
there was ‘a striking similarity between Washburn’s 
method as described in his patent and that of Greenstreet ’ 
Both used gas oil and steam The yield of toluene was 
stated to be 6% 

In November 1927 the Texas Company, which had 
acquired the Hall patents, and the Gulf Refining Company 
owmng the Alexander patents, agreed to pool their patent 
interests in vapour-phase cracking This agreement was 
preliminary to the building of a new type of low-pressure 
cracking unit by the Gulf Refining Company under the 
direcUon of Luis dc Florez The first unit was built at 
Bayonne, New Jersey, in 1927 

As interest in motor fuel of higher octane value became 
greater much more interest m low-pressure or vapour- 
phase cracking processes was aroused In 1927 the first 
commercial unit of the ‘Gyro’ vapour-phase process was 
installed by the Pure Oil Company at Cabin Creek, W Va , 
and in 1929 Max B Miller and Company, licensers of the 
Gyro process, announced that a cross-licensing agreement 
on vapour-phase cracking patents had been entered into 
between that company and the Texas Company, Standard 
Oil Company of Indiana, Standard Oil Company of New 
Jersey, Gulf Refining Company, and the Gasoline Products 
Company 

In 1929 five Gyro plants were in operation and four 
were in course of construction, having a combined daily 
capacity of 1 50,000 bbl of gas-oil charging stock The Gyro 
process (Fig 3) made provision for preheating the reduced 
crude od by the hot gases from the cracking furnace, and 
obtained distillate charging stock for the cracking coils by 
utilizing the heat of the cracked products The hot cracked 
oil vapours were quickly cooled from about 1,100° F to 
about 700° F by directly contacting the vapours with oil, 
arresung polymerization of the highly unsaturated cracked 
products More detailed description of the Gyro process 
will be found in the article on 'Vapour-Phase Cracking’, in 
this section 

Another type of vapour-phase cracking process is that 
developed by the Petroleum Conversion Corporation and 
called the ‘True Vapour-Phase Process’ A small develop- 
ment plant was erected in Texas City, Texas, m 1924 The 
process consists essentially, according to A P Sachs [48, 
1930], of heat accumulators very similar to blast furnace 
stoves which arc first heated and gas then passed through 
The hot gas leaves the heating stoves at 1 ,600-1 ,800° F and 
mixes with hot oil vapours and ‘earner gas’ which are 
thereby heated to about 1,000° F Condensible products 
are removed and the residual gas is partly recirculated and 
partly burned as fuel One of these umts having a capacity 
of 9,000 bbl per day charging stocks was erected by the 
Shell Petroleum Company in Wood River, Ilhnois, m 1929 
Later units have included alloy tube heaters m place of the 
heating stoves 

A great deal of expenmental work has been done in the 
attempt to catalyse the cracking of petroleum oils, and 
numerous papers have been published dealing with experi- 
mental results which would be profitless to review In a 
small vapour-phase cracking plant which was operated for 
several years by W G Leamon at Newark, Ohio, the 
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vapours were passed into a chamber containing what was 
alleged to be a catalytic matenal The plant was described 
by Tniesdell [52, 1928] Following several years of expert* 
mental work by E Houdiy, a commercial unit having a 
charging capacity of about 200 bbl per day was erected m 
1934 by the Vacuum Oil Company at Paulsboro, New 


Jersey As described by W F Faragher [19, 1933], crack- 
ing IS effected by an active catalyst The oil is vaporized 
at atmospheric pressure at about 775’ to 875" F , mixed 
with a small proportion of steam and passed through the 
catalyst chamber A yield of 37 % on once-through opera- 
tion on Mid-Continent gas oil is reported The residual 
oil IS stated to be suitable for thermal cracking 
The Gulf Refining Company erected a large-scale plant 
at Port Arthur, Texas, in 1915 for the manufacture of gaso- 
Lne from light gas-oil distillate by heatmg with anhydrous 
aluminium chloride The process used was developed by 
A M McAfee A battery of 30 large special stills similar 


in general appearance to the early ‘cheese-box' stills was 
erected shortly thereafter Anhydrous aluminium chloride 
was made as required from chlorine, bauxite, and coke 
The aluminium chloride was obtained in One granular form 
and pumped into the stills mixed with oil The aluminium 
chloride was not recovered, the carbonaceous residues 
being Hushed out with water, the 
granular carbon washed and burned 
by means of a mechanical stoker in 
a nearby power plant 1 he alumi- 
nium chloride process was never 
adopted by other refineries The 
patents covering the process were 
in litigation with the Texas Com- 
pany for 15 years until the United 
States Circuit Court of Appeals for 
the fifth circuit decided in favour 
of McAfee and the Gulf Refining 
Company in May 1928 

Summary 

The general trend of change in 
cracking conditions has been from 
the low pressures of vapour-phase 
cracking and the 75 lb pressure first 
used by Burton, to the higher pres- 
sures, up to about 1,000 lb per sq 
Cracking temperatures also 
have been raised in recent years to 
obtain gasolines of higher octane 
value The higher gas losses result- 
ing from higher cracking tempera- 
tures, together with the steadily 
increasing importance of anti-knock values, have given 
greater importance to the use of these gases in so-called gas 
polymerization processes 

Like other branches of refinery engineering there has 
been continued improvement in design materials, and effi- 
ciency of cracking equipment The older types of apparatus 
mentioned in the present review, now largely obsolete, are 
of interest in indicating the problems that have been met 
The history of cracking, like the history of petroleum 
distillation, clearly shows the trend from simple methods 
to a stage now characterized by the best engineering and 
research 



Fig 3 Gyro flow sheet of 1929 


REFERENCES 


1 Abfl bp 4769 (1877) 

2 Alfxander, C M USP 1,387,677 (1921), 1,404,723 (1922), 
1,407,619 (1922) 

3 Armstrong, H E 3,462(1884) 

4 Armstrong, H E , and Miller, A K JCS 49,74(1886) 

3 Bacon, R F, and Clark, C W LISP 1,101,482(1914) 

6 Bender, K Petr Z 27,33(1931) 

7 Benton, L U S P 342,364, 342,565 (1886) B P 1922 (1887) 

8 Berthelot, M P E Compi rend 62, 90S, 947 (1866), 63, 788, 
834 (1867), B«// Soc Chim PaWj (2), 7, 217 (1867) 

9 Chandler, C F Ind Big Ckem 8, 73 (1916) 

10 Clark, E M USP 1,119,496(1914) 

11 USP 1,388 514(1921) 

12 Coast, J W USP 1,252,999, 1,233,000, 1.232,401 (1918) 

13 Cross, Roy USP 1,255,138 (1918), Cross, W M,USP 
1,203,312 (1916), 1,326,831 (1919) 

14 Dewar, J , and Redwood, B B P 10,277(1889), 13,016(1890), 
USP 419,931,426,173 (1890) 

15 Dubbs,J A USP 1,123,502(1913) Application filed 20 Nov 
1909 


16 Fnoler. C Dwgl Polytech J 268, 88 (1888) 

17 Ber 30.2908(1897) 

18 Ber 43, 385 (1910) 

19 Faragher W F Oil and Gas J 19 Oct 1933 

20 Frey.F E,etal USP 1,847,238(1932) 

21 Greenstreet, C J U S P 1,110,923 (1914), 1,110,924 (1914), 
1,110 925 (1914) 1,166,982 (1916), 1,299,172 (1919) 

22 Grotowsky Jahresber d Techn Verelm tdchsisrh-thOringlschen 
MineraUl Induttrie, I8SS, 8 

23 Hall,Wm K JIPT 1,147(1913) 

24 USP 1,103,772 (1914), 1,175,909 (1916), 1,175,910 

(1916), 1,194,289 (1916), 1,201,930 (1917), 1,239,099 (1917), 
1,239,100 (1917), 1,242,796 (1917), 1.247,671 (1917), 1,261,930 
(1918), 1,283,136 (1918) 

23 Heusler. F Z angew Chem 9, 288, 318 (1896) 

26 Hopkins. AS USP 1,199,463-4 (1916) 

27 Howard, F Oil and Gas J 23, no 41, 109(1923) 

28 Humphreys, R E USP 1,119,700(1914) 

29 USP 1,122,003(1914) 

30 Ipatieff, V N Ber 31, 2961 (1904) 




2087 


A BRIEF HISTORY OF PETROLEUM CRACKING 


3 J iPATirrr, V N , and DowcELEwtrscH, N Ber 44, 2987 (191 1) 

32 1SOM.E W USP 1,285,200(1918) 

33 James, H G Oil and Gas J 8 Nov 1917, p 39 

34 Jenkins, U S U S P 1,226,526 (1917) 

35 Krey op 37 728 (1885) 

36 Wagner Jahresber 1100 (1886) 71 (1887) 

37 Lfslif, R 7 Motor butts The Chemical Catalog Co , New 
York, 1923, p 340 

38 Lomax, E L , Dunstan, A E , and Tfiole, F B J I PT 3, 36 
(1916) 

39 Morrfii , J , Faragher, W F , and Mfkler, V Oil and Gas J 
6 Dec 1928 

40 Neilsen, R O BP 13,675 (1908), 28,460 (1911), 20,074 and 
20 075 (1913) 

41 Noad, j , and Townsfnd, E J B P 13 675 (1908) 

42 OsTROMtJisi fnskj j , and BiiRYANAU<i J J SC I 29, 682 (1910) 

43 PltLSTicKbR, CM BP 6,466 (1890), 1,308 (1891), USP 
477,153 (1892) 

44 Redwood B CJ 4. 79 (1885) 

45 RiFnECkscHF Montanwerke GP 37 728 (1885) 

46 Dingt PolUich J 264, 336 (1887) 

47 Rittman W F Dutton C B and Dfan, E W The Manu- 
facture of Gasoline and Bin-im -Toluene from Pttrokum and 
Otiur Ihdrocarbons Bull 114 US Bur Mines (1915) 

48 Sachs, A P Ri finer lUn 1930) 


49 Sheldon, H W Amer Inst Chem Engrs 25, 52 (1933) 

50 Strout, a L Refiner, 64 (Dec 1929) 

51 Thorpe, T E , and Young J Proc Roy Soc 19, 370 
(1871), 20, 488 (1872), 21. 184 (1873) 

52 Trufsdell P Nat Pitr Actor, 25 July 1928 

53 Ubbllohdl, L , and Woronin, S Petr Z 7, 9, 334, 1233 (1911) 

54 Washburn, C H USP 1,138,266 

55 Western Refiners Association, Committee Nat Petr News, 
25-6, 24 Sept , 1919 

56 Young, J Dingl Polytech J 183, 151 (1867) 


SELECTED BIBLIOGRAPHY 

Keith, P C and Montgomfry, W B Development of the Oil 
Cracking Art Ind Eng Chem 26, 190(1934) 

Lfseif R T Motor Fuels The Chemical Catalog Co , New York, 
1923 

Lomax E L Dunstan, A E , and Titoi e, F B The Pyrogenesis 
of Hydrocarbons J /P T 3, 36 (1915) 

Sydnor, H Fundamental Variables in Mixed Phase Cracking 
Jnd Eng Chem 26, 184 (1934) 

Wagner, C R Vapour Phase Cracking hid Eng Chem 26, 188 
(1934) 



THERMOCHEMISTRY OF PETROLEUM HYDROCARBONS 

ByALCHEDW FRANCIS, B S , Cll E , Pli D . F A.I C 

Research Chemist, Socony-Vacuum Oil Companv, Inc 


The reactions which hydrocarbons undergo with thermal 
or catalytic treatment are in general very complex because 
of the enormous numbers of possible compounds involved 
The literature on the subject, especially the patent literature, 
has become extensive The bulk of this is the result of 
observations upon experiments conducted necessarily at 
least partly in an empirical manner In the petroleum 
industry, as in some other important industries, the tech- 
nology IS far in advance of the science 

Nevertheless, theoretical considerations are making an 
important contribution to the chemistry of cracking 
These include studies of mechanism and equilibria during 
thermal or catalytic treatment of pure hydrocarbons or 
known mixtures, determinations of heats of combustion, 
heat capacities of hydrocarbon solids, liquids, and vapours, 
latent heats of fusion and vaporization, and more recently 
spectroscopic determinations of thermodynamic proper- 
ties Comprehensive calculations upon free energies of 
hydrocarbons and related compounds have appeared 
from time to time These serve the double purpose of 
summarizing up-to-date experiments both scientific and 
technological so that they may become more readily 
available for practical use, and also of pointing out the 
numerous gaps due to inaccurate or completely lacking 
data, so as to stimulate research to fill up the gaps Such 
research is going forward at an accelerating rate so that a 
review is not entirely up to date when it comes off the press 
Sixty-five per cent of the references m this article are to 
1933, 1934, or 1935 

Previous reviews on the free energies of hydrocarbons 
are by Smith [72, 1927], Francis [19, 1928], Francis and 
Kleinschmidt [21, 1929],and Parks and Huffman [58. 1932] 
Since the appearance of the book by Parks and Huffman, 
opportunity for improving the calculations has been pro- 
vided by researches on thermodynamic properties from 
spectroscopic data, by studies on equilibria of olefines with 
paraffins or with alcohols, by precise determinations of 
heats of combustion m the U S Bureau of Standards and 
elsewhere, and by some other new data to which reference 
will be made as it is used The literature on heat capacity 
of vapours of hquid hydrocarbons is sUll very meagre, and 
not much advance has been made recently in this direction 
It can be shown, however, that errors in heat-capacity 
equations have less effect upon the accuracy of free energy 
calculations than relatively small ones in heats of combus- 
tion, so that in many cases very rough estimates of heat 
capacity are tolerable 

Chemical thermodynamics is sometimes depreaated 
because it tells nothing about rate of reaction, a prune 
consideration from the point of view of production 
Furthermore, many hydrocarbon reactions would not take 
place at all if it were not for the sluggishness of some other 
reactions In general, thermodynamics tells little about 
mtermediate mechanisms, especially those mvolvmg free 
radicals or other ‘imaginary’ compounds not capable of 
isolation for direct experimental study 

On the other hand, the mechamsm, a favounte tool of 
many orgamc chemists, may be overrated m importance 
in some cases The composition of high-temperature tor 


such as gas tar, for example, is almost independent of the 
origmal hydrocarbon source And an example will be 
given below (explosion of ethylene) of a simple empincal 
reaction for which no suitable mechanism has been pro- 
posed, yet which gives products corresponding exactly with 
thermodynamic equilibrium 

In predicting or evaluating results of thermal or catalytic 
treatment we must consider whether such treatment is 
mild or drastic In the former case mechanisms are im- 
portant, in the latter case relative stability of hydrocarbons 
as indicated by thermodynamics becomes the controlling 
factor Consequently, in a study of mechanism of cracking, 
varying rates of flow are employed, and extrapolation to 
zero time (infinite rate) is presumed to show the initial 
reaction products, whereas in a study of equilibria the 
extrapolation is in the other direction, to zero rate (or 
mfinitc time), taking care to avoid excessive side reactions 

The above distinction between mild and drastic reaction 
on the basis of time must be made, of course, with reference 
to temperature and catalytic environment I have made 
equilibnum studies at 100“ C rcquirmg more than a month 
for a reasonable approach to equilibrium, and but for the 
excessive time required would have preferred a much lower 
concentration of catalyst, which complicated the analysis 
and interpretation 

On the other hand, an explosion, taking place usually in 
a small fraction of a second, results in products correspond- 
ing very closely to equilibrium conditions at or below the 
flame temperature For this reason explosions are rarely 
of much value for studying mechanism, apart from equi- 
libria, unless some extraordinary precautions in experiment 
and interpretation are taken 

This article is not the place for discussion of thermo- 
dynamics of explosions in general, which involve oxidation 
rather than cracking, although the latter reaction may take 
place to some extent as an intermediate mechanism Only 
two common hydrocarbons, acetylene and ethylene, are 
explosive alone, and the latter only under substantial pres- 
sure and preheated [2, 1934, 16. 1934, 17, 1933] Thus, 
Smolensky and Kovalevsky [73, 1935] found complete 
decomposition of ethylene according to the equation 
C,H.-^C-hCH, 

in spite of the lack of a simple mechanism At the low 
temperature, 300° C , and high pressure (probably 34 atm ) 
the equilibnum percentage of hydrogen woul4 be only 
about 1%, which might easily escape detecUon Since 
hydrogen (possibly monotomic) was undoubtedly an inter- 
mediate m this reaction, its subsequent disappearance 
proves the importance of equilibria in explosions The 
explosibihty of these two unsaturated gases is due to their 
endothermic character Propylene and some of the 
aromatics also are endothermic, but so shghtly so that their 
decomposibon would raise the temperature of their de- 
mente only shghtly, not enou^ to reach their decomposi- 
tion temperatures unless strongly preheated Nevertheless 
in the case of propylene, heaung to 400° C under pressure 
in the presence of only 20% air resulted m a violent 
explosion (unpublished work of the author). 
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Free Energies of Some Hydrocarbons 

In order to simplify the equilibrium relations between the 
hydrocarbons the free energies of several of them will be 
computed with the most recent data in nearly the same 
manner as in the earher reviews The free energy of a sub- 
stance IS a measure of its thermodynamic stability (the more 
negative the more stable) It is related to the equilibnum 
constant for its formation from its elements by the equation, 
AF = — RTln^, where R is the gas consUnt, 1 9885 cal , 
T IS the absolute temperature in degrees Centigrade, and 
In K is the natural logarithm of the equilibrium constant 
It IS related to the heat of formation and change of entropy 
in formaUon by the equation, AF -= A//— TAS The 
nomenclature in this article will be the same as that em- 
ployed by Parks and Huffman [58, 1932] 

As Parks and Huffman have pointed out (p 50), it is 
unnecessary to determine the thermodynamic properties 
of all the hydrocarbons to which we wish to apply the 
results It IS only necessary to have accurate data on some 
of the lower members of a homologous series in order to 
make reliable extrapolations, supported if possible by cer- 
tain pioperties of an occasional higher hydrocarbon The 
effect of branching chains, of unsaturation and position of un- 
saturation, of ring formation, &c , can be ascertained from 
typical examples and then applied with confidence to other 
compounds not available in pure form for individual study 

The temperature range for the calculations will be limited 
to 298 1 to 1,500" K, since no hydiocarbon has any 
appreaable stability above the latter temperature 
Heat Capacities of Gases 

Most experimental determinations of heat capacity of 
gases in the past have been at ordinary temperatures, 0 to 
lOO' C [60, 1924], and extrapolations to higher temperatures 
for use in thermodynamic calculations have been very un- 
certain especially in view of the poor agreement in deter- 
minations made by different investigators by different 
methods Those of some of the simpler gases have been 
determined by the flame temperatures of explosions This 
method is linuted to stable gaseous products of explosions, 
which excludes hydrocarbons, and to inert gases Recently 
Lewis and von Elbe [50, 1934] have developed a method of 
determining the heat capacities of reactant gases by the 
same kind of experiment Undoubtedly the most accurate 
method for simple gases over a wide temperature range 
IS one derived from spectroscopic data by Bryant [8, 1933] 
and others 

In the case of most of the diatomic gases and also steam, 
the curvature of the lines up to about 1,400" K is too slight 
to justify using quadratic equations Carbon dioxide, 
methane, and acetylene have plots showmg a negative 
curvature, but by limiting the range of temperature to 
about 1,400° K , which is sufficient for the calculations to 
a shghtly higher temperature, much simpler equations can 
be derived than those propos^ by Bryant, and because of 
the shorter range the agreement with the theoretical is fully 
as good Similar data for ethane and ethylene can be 
denved from data given by Frost [27, 1933] The data for 
heat capacity of higher hydrocarbons are meagre, but the 
negative curvature of the lines for the lower ones suggests a 
r'term of the order of —0 OiSnT* Accordmgly the general 
equation of Parks and Huffman [58, 1932, p 68, eq 39] 
for gaseous hydrocarbons is modified m that resp^ The 
special equauons for methane and ethane are only slightly 
different hx>m this equation as applied to them A corre- 
sponding one for olefines is so chosen that the difference 


between that and the parafiins is always the same as for 
ethane and ethylene, namely, ACp = 0 55+0 0065 T The 
heat capacities used m this chapter for gases and graphite, 
as well as those of some of the other simpler gases denved 
similarly, are as follows 

Substance I Molar heat capacity, C, Reference 

H, '6 73l-0 0005r 14 

O, 6 44 +0 002 r 40,49 

N, 6 54 + 0 0012 r 39 

NO 6 66 f 0 0014r 38 

CO 6 48 +0 00147- 39 

H,0 7 00t 0 0028 r 30 

CO, 5 60+0 0128r- 0 0,54 r‘ 43 

CH, 4 1 +00167-00,37* 8 

C.H, 8 2 l-0 01ir-0 0.3r» 8 

C,H, 2 15(0 0305r 0 0,17- '27 

C,H. 27h 0 037r~00.17’* ' 27 

C.H«+, 3 0 f 0 01 SbT- 0 0,5nr* 

C.H„ 2 45 -0 0065r+0 018n/--0 0.5/;r* 

C 0 2+0008r-0 0.37'* 53 

Methane 

The calculations of Kassel [42, 1933] for methane (usmg 
the Denmson-Villars frequency, which he seems to prefer) 
from spectroscopic data show excellent agreement in the 
moderate temperature range, 300 to 600° K with the equa- 
tion given by Parks and Huffman [58, 1932, p 56] from 
numerous direct experimental data for the equilibrium of 
methane with its elements, and with carbon dioxide, steam, 
and hydrogen The same heat of combustion data were 
used in both calculations But at higher temperatures there 
IS a marked divergence in the direction of more positive 
free energies (lower stability for the hydrocarbon) This 
1$ due probably to the higher values for the heat capacity 
of methane us^ by Parks and Huffman (p 54) Using the 
above equation for heat capacity and the same equilibnum 
data in the low-temperature range, the following eqtiation 
can be computed (corresponding to a slightly curved hne 
in Fig 3, p 55, of their book) 

C(graphite)+2H,-».CH„ AFS„ = -12,270, 

AF « = -15,530+9 56rin T-O 0035r'-42 5r (1) 
This equation agrees with the values resulting from 
Kassel's computauons [42, 1933] within 30 cal over the 
entire range 298 1 to 1,5()0° K It also agrees with the 
equilibrium values of Pring and Fairlie [63, 1912] and 
Coward and Wilson [11, 1919], though not quite as well 
with those of Randall and Mohammed [65, 1929] The 
value for AF/J in the above equation, — 1 5,530, differs from 
that computed by Rossini [69, 1934], from Kassel’s data, 
— 16,180, because in the above equation it is only an 
integration constant depending upon the heat-capacity 
equation chosen, which cannot be expected to hold 
accurately for temperatures down to absolute zero 
In the temperature range 800 to 1,200° K in which 
methane enters into thermal reactions, equation (1) can be 
simplified without much loss in accuracy to 

AF«- -21,470+ 26 or (In) 

Acetylene 

The free energy values of acetylene computed by Kassel 
[42, 1933] from spectroscopic data agree well with the 
equation derived from heat capacities 

2C (graphite) I H,-^-C,H„ 

AF® = 54,076- 1 07rin T+O 00275r’-0-0,5r®+/r, (2) 
provided / is set equal to — 8 45 
Mayer, Brunauer, and Mayer [54, 1933] have calculated 
the (‘practical’) entropy of acetylene at 298“ K as 46 7, 
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but suggest the possibility that 1 1 units should be added 
to it The latter would still be a trifle lower than the estimate 
of Kassel (50 833-2 755) A mean of Kassel's value and 
the higher one of Mayer, Brunauer, and Mayer would 
give —8 3 for the mtegration constant in the above equa* 
tion This gives AFS,s - 50,000 And in the temperature 
range, 900 to 1,300° K , where acetylene reactions begin 
to be significant, the equation may be simplified to 

AF" - 53,350-12 77’ (2a) 

Lthylene 

Kassel [42, 1933] also computed the free energy of ethy- 
lene from spectroscopic data, but was obliged to combine 
them with an old value for heat of combustion The latter 
can be evaluated much more accurately now from Rossim's 
value [68, 1934] for ethane combined with the heat of hydro- 
genation of ethylene as determined by Kistiakowsky and 
co-workers [47, 1935], namely 32,575i50 cal This value 
has been checked closely by Rossini [69a, 1936] Cf also 
Smith and Vaughan [72a, 1935], Kassel [44a. 1936] This 
gives for the heat of combustion of ethylene 337,080 cal at 
25° C or 337,240 cal at 18° C , a change of -f 3,240 cal as 
compared with the value chosen by Kassel This increases 
by the same amount the free energies of ethylene at all 
temperatures as derived from the table of Kassel It seems 
advisable to choose his calculation including a torsional 
frequency of 950 cm since Frost [28, 1934] finds evidence 
favouring this choice With this change the values are in 
excellent agreement with the equation derived from heat 
capacities, 

2C (graphite) -2H, ->-QH4, 

AF® = 14,884-Ml 66rin T-0 00675 0 0,67rM IT, 
(3) 

provided that / is set equal to —60 96 However, the 
integration constant will be changed slightly after the 
calculations for ethane 

Ethane 

In the case of ethane we have no direct spectroscopic 
determmations of free energy, but the excellent thermal 
data for hydrogenation of ethylene by Kistiakowsky and 
co-workers [47, 1935] and the numerous equilibrium 
determinauons for the same reaction furnish a satisfactory 
basis for accurate computation from the free energies of 
ethylene For the reaction 

C,H, 

A77J - -31,000 

AC„ = -6 18+0 0067 

AF® -31,000+ 6 1871n 7-0 003r*+yr (4) 

The integration constant is evaluated from the equilibnum 
data m Table I The original values of Frey and Huppke 
[23, 1933] are modified as suggested by Kistiakowsky and 
co-workers [47, 1935] 

The values of I are m good agreement considering the 
wide range of temperature studied It seems preferable to 
omit the fourth and fifth values in the average, although 
they would not affect it much The values of Travers and 
Pearce at 863 and 893° K might welt be given extra weight 
because they are the means of 29 and 39 experiments 
respectively, but the mean of these two nearly coincides 
with the general mean 


The integration constant gives the change of entropy, 

AS?,, 28 88 from the equation 

AS® - r„(l +ln 7)+ I'l 7-7, (5) 

where the T’s arc the coefficients in the equation for AC, 
The entropy of ethane can be found in three ways One 
value (54 31) results on combining the above change m 
entropy with the entropy of hydrogen (31 23) and the 
‘practical ’ entropy of ethylene (5 1 96), which is found by 
subtracting 2x2 755 from the total entropy (57 472) given 
by Kassel, to correct for nuclear spin 

Tadlf 1 

Equilibnum Data 

T K -ZtlnAl -I Reference 

673 01X10082 18 693 | 10 855 ' Hey and Huppke [23,1933] 
723 I 0 00056 14 876 10 515 ' 

773 0 0024 1 1 986 I 10 662 

773 , 0 00315 11 445 ; (10 120) ' Vvcdenskii and Vinnikova 

I 1 [81, 1934) 

823 0 0074 ' 9 749 I (11 093) I Travers and Pearce [78 1934) 

843 I 0 0153 8 304 I 10 634 I 

863 I 0 0244 7 375 ' 10 643 ' 

873 0 031 6 905 ' 10 627 , Pease and Durgan [61, 1928] 

883 , 0 0359 6 606 , 10 769 Travers and Pearte [78. 1934] 

893 I 0 0446 ' 6 180 I 10 777 i 

923 ,0082 4 970 I 10 809 i Pease and Durgan [61, 1928] 

973 1 0 20 3 198 10 939 

Mean 10 72 ‘ 0 09 " 

A second method employs the third law of thermo- 
dynamics, as did Parks and Huffman [58, 1932, p 60] 
Their estimate of entropy of the gas from the boiling-point, 
184 5° K to 298 ' K , namely 5 13 units, can be revised in 
the light of the values of Eucken and Parts [18, 1933] for 
heat capacity at low temperatures, giving an entropy 
increase of 5 42 units over this range, or a total of 53 8 
umts 

Mayer, Brunauer, and Mayer [54, 1933] have calculated 
the entropy of ethane as 55 5 units from spectroscopic 
data The discrepancy m the three estimates is a little 
greater than expected An approxunate mean of 54 5 is 
selected The entropy of carbon is 1 36 according to 
Jacobs and Parks [36, 1934] instead of 1 3 as used pre- 
viously, so that for the formation of ethane 
as;,, = -41 9 

A//;,, -20,600 (Rossini [69. 1934]) 

AFJ,,- -8,110 

AF" - -16,1 16 + 17 84rin7’-0 00975r»+ 

+00,67r'‘-71 94r, (6) 

and approximately 

AF® -24,900+ 51 OF (6a) 

As m the case of methane the value of AHj is not the same 
as given by Rossini [69, 1934, p 29], - 16,990 
For consistency the equation for the formation of ethy- 
lene IS modified 

AF® ■= 14,884+11 66rinr-0 006757®+ 

+00,67r®-6122r (7) 

15,850, 

and approximately (for tne cracking range, 700 to 1 ,000® K ) 
AF® = 9,100+19 or (7a) 

The accurate free energies of the simpler gases are given ui 
Table II at 50° mtervals. 
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J3 5I5 
-S2 940 
' 52.153 
51 754 


Table II 

Free Energies of Simple Gases 


I Oxides oj Carbon 


33 001 I -94,443 
-33,0421-94 444 

- 34,1171-94 478 
35,199 -94 511 , 

- 36 284 1 94 543 

17 371 94 574 

-38 4571-94 601 
-39 542 - 94 631 
-40 6261-94 658' 
-41,709 1 94,684 


14 709 
0 -43,8601-94,732 
1 44 930 '-94,754, 
0 -45,995 1-94 7751 
2,' 47057'- 94 795 
0 -48 117 -94,811' 

5 - 49 173 ' - 94 810 

,7 - 50 226 ' 94845' 
3 1 51,275 1 94 8591 

6 - 52,320 1 -94,872 ' 

7 -53 361 -94 884 
7 - 54 400 - 94,894 

0 - 56 470 -94 911 

1 -58 530,-94 923 



Higher Normal Paraffin Hydrocarbons 

Rossini [69,1934] has estimated the heats of combustion 
and formation of all the normal paraffin hydrocarbons m 
the gaseous state His figures arc based on accurate 
determinations of the heats of combustion of methane 
[68, 1931], ethane, propane, n-butane, and n-pentane by 
himself [68, 1934], and of n-heptane and n-octane by 
Jessup [37, 1934] Bansc and Parks [3, 1933] determined 
the heats of combustion of /i-octanc and n-dodccane at 
19 C Converted to 25° C and the gaseous state these 
values are l,317,100±l,300 for n-octanc and 1,947,100+ 
2,000 for dodecane The latter especially is appreciably 
higher than the value assigned to it by Rossini by extrapola- 
tion It seems preferable to use a higher slope term in the 
general equation than that used by Rossini [69, 1934] 
(157 000 kg -cal) The expression, 58,840+157,260/1, 
agrees with all the above determinations well within the 
assigned limits of error, except in the case of methane and 
ethane This seemingly trivial change in the increment of 
the heat of combustion equation makes a substantial 
change in the resulting values for free energy The incre- 
ment IS nearly the mean of that of Rossini and that, 1 57,550, 
corresponding to the estimate of Banse and Parks [3, 1933] 
for liquid hydrocarbons The slight deviation in the case 
of propane is in the right direction (same as that of ethane) 
and may be real It is retained, but in the other cases the 
smoothed out values for the heats of combustion are 
employed The corresponding equation for heats of forma- 
tion of vapours is 

-= -9,470- 5,290/f (8) 

In Table III the latent heats of vaporization of eth- 
ane (extrapolated) and butane are from Dana, Jenkins, 
Burdick, and Timm [13, 1926], that of propane from 
Sage, Schaafsma, and Lacey [70, 1934], and those of 
pentane and hexane from Cragoe [12, 1929] A correction 
for the Joule Thomson effect on expansion from the 
vapour pressure to dilute gas is given in these cases It was 
estimated by the method of Newton and Dodge [56, 1935] 
for ethane and butane, and read from the diagram of Sage, 
Schaafsma, and Lacey [70, 1934] for propane A ratio of 


042 was then assumed for consecutive members of the 
series The latent heats of n-heptane and /i-octanc are from 
Rossim’s paper, and those for the higher members from 
the value 86 cal per gram, which is approached as a limit 
by the lower members 

The entropy change was computed from the entro- 
pies given by Parks and Huffman [58, 1932, p 64] using 
5 — 1 36 for carbon instead of 1 30 Their value for hquid 
butane, 54 9, was used in preference to theirs for gaseous 
butane because the latter included a value for entropy of 
vaponzation, 20 44, which is nearly 1 unit too high accord- 
ing to the results of Dana and co-workers [13, 1926] 
The entropy of liquid propane, 47 0, is estimated from the 
equation 5?,, = 23 3-4-7 9n which fits their data better for 
the lower members of the series It is unfortunate that such 
an estimate must suffice for an important member of the 
series, but the resulting free energy value is in line with those 
of the higher members. 

The free energies of formation, AF“,g, arc calculated by 
the equation, AF — SH—TSS The vapour pressures at 
25“ C are from Beattie, Hadlock, and Poffenberger [5, 
1935] for ethane, from Dana and co-workers [13, 1926] 
for propane and butane, from Int Cut Tables, 220-5, 
for pentane to octane, and from Ashworth [1, 1924] for 
nonane to dodecane The fugacities {/) of the lower mem- 
bers were estimated from the vapour pressures and 
activity coefficients according to Newton [55, 1935] The 
free energies of formation of the gases are found from 
those of liquids by the relation AF° (evapn ) = — RT In/ 
For the normal hydrocarbons above ethane the free 
energies as liquid agree with the equation 

AFS,8 - 7,430+ 880/1 (9) 

within experimental error, and values of this equation will 
be used in preference to the individual values of Table 111 
The slope term of this equation is somewhat less than that 
in the corresponding one of Parks and Huffman The differ- 
ence is due chiefly to the more recent data on heats of 
combustion 

As the free energies of evaporation follow the equation 
AFS,« (ti) - -3,140-1 680/1, (10) 

those of the vapours may be expressed by the sum 

AF?„(g)- -10,570+1,560/1 (11) 

Combining with equation (8) 

A5S,8 (g) = +3 68-22 98/1, (12) 

and combining this with the entropy of the elements, 
nC l-(/i+l)H„ which is 31 23 I 32 59/i. we get 

AS,B(g)- 34 91+9 61/1 (13) 

We arc now in a position to derive a general equation 
for the free energies of normal paraffin hydrocarbons as 
vapours as functions of temperature 
For nC i (n 4- 1)H* C„H,„+,(g) 

A/fS,8- -9,470 - 5,290/1 (8) 

ACp- -3 73 - 6 93/1-0 0005r 1-0 0095/ir-00i2ii7’= 
AH" -8,336-3,628/1-3 73r-6 93/ir-0 000257“+ 
+0 00475/1 r“-0 0.67/ir* 
AF" - -8,336-3,628/1-1 3 73rin 7-r 

+6 93/irin Tf 0 000257^-0 00475/17“+ 
+0 0,33/i7"-28 887- 20 66/i7 (14) 
AFJo* = -11,123 + 6,433/1 
AF?oo = -11.324+11,475/1 
AFJoflo = -11.201 + 19,165/1. 



2092 


CRACKING 

Table III Free Energies of Higher Parqffin Hydrocarbons 


C.H. 

C,H. 

C.H„ 

C,H„ 

C.H„ 

C,H„ 

C.H„ 

C,H„ 

C,.H„ 

Q.H„ 

C„H,. 

C,.H„ 

C,.H„ 

C»H„ 

C„H„ 



AF*., (i) 

yp atm 

FugacUy 


- 6 152 

41 37 

26 3 

-8,110 

-4,806 

9 39 

78 

-6,022 

-4,016 

2 42 

2 22 

-4,488 

-2,907 

0 67 

0 65 

-2,653 

-2.235 

0197 

0194 

-1,274 

-1,336 

0060 


+325 

- 247 1 

0 0184 


+ 2,123 

+ 653 

0 0066 


3,628 

1.310 

0 0021 , 


4,960 

1 2,026 

0 00072 : 


6,318 

3,069 

0 00022 


8,050 

4,681 




i 6 083 




10,260 1 





1S.484 

23,430 


*A$ liquid 


Since equation (14) is very awkward to use, it may be 
simplified for the cracking range, 700 to 1,000“ K , as 
follows 

Af * = - 1 1,260- 6,440« f 25 6nT (14«) 

The shghtly higher coefiicient of the nT term (which 
becomes dominant at high temperatures) than that derived 
by Parks and Huffman [58, 1932, eq 42, p 69] is due to 
the quadratic term in the heat-capacity equations used 
here, so that the hydrocarbons are relatively less stable at 
high temperatures 

Branched Chain Paraffins 

The discussion of branched chain paraffin hydrocarbons 
by Parks and Huffman [58, 1932, pp 69-75] is excellent, 
and there are no more recent data by which their estimates 
can be improved If we assume with them for the reaction 

«-CnH,,^,:^I-C,H„^, 

(the difference between the two sides of the equation bemg 
in general just one branch), that 

A//S„(l) = - 540, 
then AFS„(1) = -f800 

And if we assume that the entropies of vaporization of 
isomers at 298“ K are the same, the heats of vaporization 
would differ by the same amount as do the free energies, 
which Parks and Huffman estimated as 200 cal , giving 
A//;,*(g) = -740 - ^Hl+^Cfr 
AP1!„(^) = -h600- AHj-ACpTlnT+Zr 
The values of A/fJ, ACp, and / are unknown, but, since the 
specific heats of adjacent members of the normal paraffin 
vapours do not differ by more than an amount correspond- 
mg to 0 5 cal per mol, we may assume that the differences 
m molar heat capacities of isomers are probably no greater 
Then 

A//J = -740T150 
/= 45 ^ 3-0 
^Ffooo = 3,760 ^250 

AF» -- -740-f 4 5T0 37 (15) 

This estimated difference at 1,000° K is a little less than 
that of Parks and Huffinan [58, 1932, p 74] Its value 
depends almost wholly upon their estimate of entropy 
difference of liquid isomers, which seems well establish^, 
and which becomes the slope term m the above equation 


Uncertainty m heat capacity of vapour is largely cancelled 
Combimng with equation (14<i) 

Af ® - -I1.260 - 6,440/i-740r+4 SrT-i 25 6«r, (16) 
where r is the number of branches 

In the case of isobutane, the simplest branched chain 
hydrocarbon, the calculation of Halford [31, 1934] gives 
5?,* == 71 9, which IS only about 1 6 units less than the 
revised value for n-butane instead of the usual 4 5 umts 
difference If the difference m heat of combustion is normal, 
as seems probable, it would appear that the free energy is 
almost identical with that of /r-butanc at all temperatures 
Rossini [696, 1935] finds A//jVj = -1,630 cal This 
would give AF“- 1,630 I 1 67. AF?,„„ - -30, cf also 
Roth and Pahlke [69r, 1936] for isopentane 

Olefines 

The thermal data for the olefines can be estimated now 
with considerably increased precision as a result of the 
determinations by Kistiakowsky, Ruhoff, Smith, and 
Vaughan [48, 1935] of the heats of hydrogenation of 
propylene and all four butenes These values can be com- 
bined with the combustion data of Rossini [68, 1934] for 
the paraffins to give heats of formation and combustion of 
the olefines, and with the equilibrium determinations of 
Frey and Huppke [23, 1933] to give free energies of hydro- 
genation to the corresponding paraffins, and also free 
energies of formation from the elements These calcula- 
tions are presented in Table IV 


Table IV Thermal Data of Gaseous Olefines 



The heats of hydrogenation at 0“ K were derived from 
the same equation used for the ethane-ethylene equihbmun. 

A/fS„=Ajy||-6 187-1-00037* 

And the integration constant is that resulting from the 
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equilibria of Frey and Huppke and appearing in the 
equation 

AF® = 6 I8rin7-0 003r*+/r 

The equations were simphfied to linear equations for the 
cracking range, 700 to 1,000" K , and combined with the 
corresponding equations for propane and butane from 
(14a) (assuming the same equation for free energy of iso- 
butane as for n-butane) to find free energies of formation 
The heat of hydrogenation of di-isobutene can be esti- 
mated more accurately than that of any other liquid olefine, 
from Its heat of combustion determination by Banse and 
Parks [3, 1933], assuming that that of 2,2,4-trimetbyl 
pentane, its hydrogenation product, is 3 x 540 cal lower 
than that of n-octane This gives A/fS,, —28,600, which 
is almost the mean of the values for the four butenes, 
—28,730 We shall not err greatly therefore if we take the 
mean equation for hydrogenation of the butenes 

AF® = 30,200 I 33 8r (22) 

to apply to the vapours of the higher olefines (Kistiakow- 
sky and co-workers [46a, 1936] find heats of hydrogena- 
tion for higher olefines decreasing with branching but not 
with increasing molecular weights Cf also Bent and co- 
workers [5a, 1936], Crawford and Parks [12a, 1936]) 
Combining with (14a) we find the general equation for 
free energy of formation of the olefines (above propylene) 
AF® 18,940- 6,440«-33 SF | 25 6/tT (23) 

Cyclic Hydrocarbons 

There is little more recent research which can be used 
to improve the excellent Chapter V of Parks and Huffman's 
book What there is seems excellent confirmation of their 
results Thus Southard and Brickwedde [74, 1933] have 
deterrmned the entropy of naphthalene as 39 89 units at 
25' C , within 0 01 unit of the value of Huffman, Parks, 
and Daniels [33, 1930] They give the free energy as 48 5 
kg -cal per mol (uistead of 45 2 by Parks and Huffman 
[58, 1932, p 90],) which seems to be a mistake for 45 5, 
since they used the same data except for the entropy of 
carbon The newer value for the latter, 1 36, would give 
-f 45,360 cal for the free energy of naphthalene at 25“ C 
Mayer, Brunauer, and Mayer [54, 1933] computed 
spectroscopically the entropy of benzene vapour, 65 1 units, 
agreeing exactly with the value calculated from Huffman, 
Parks, and Darnels’ [33, 1930] cxpcninental determination 
Halford [31, 1934] calculated the entropy of toluene 
vapour as 76 3, or 0 6 units higher than that resulting from 
Kelleys determination [45, 1929] This change would 
make the integration constant in its free energy equation 
more negative by the same amount 
Rossini [67, 1933] has determined the heats of fusion of 
some aromatic compounds If his values are substituted 
for those of Huffman and co-workers [33, 1930, 32, 1931] 
m the case of o- and m-xylene, and pseudocumene, the entro- 
pies at 25° C would be changed by -f 0 9, 0, and — 1 2 units 
respectively, causing correspondmg changes m free energies 
of —270, 0, and -1-360 cal These are, of course, trivial 
Purdum and Pease [64. 1933] detemuned the equilibnum 
between benzene and cyclohexane vapours at six tempera- 
tures in the narrow temperature range, 251 to 274“ C 
Sunilar deternunations by Zharkova and Frost [84, 1932] 
at 230°, 250°, and 275” C (log = 1 972, 1 127, 0 147 
respectively) show excellent agreement with those of 
Puidurn and Pease The slight discrepancy with the 
equation proposed by Parks and Hufifman [58, 1932, p 94] 


IS due probably not to uncertamty m the integration con- 
stant, which can be derived from the entropy and heat 
capacity equations by the relation (5), but to a slight error 
m the heat of reaction Achangeof — 350cal m the latter 
gives the equation 

AF®= -44,1504-18 2nnF-0008r-30 73r, (24) 

and approximately 

AF® - - 53,700-1 96 6T (24a) 

Equation (24) agrees exactly with the entropy data of Parks 
and co-workers [59, 33, 1930], and within ±0 4 umts in 
the integration constant (or in entropy of reaction) with 
all the results of Purdum and Pease, and of Zharkova and 
Frost Those of Burrows and Liicarini [9, 1927] would 
give values about 540 cal or 1 unit in entropy more nega- 
tive It IS, of course, uncertain whether the above shght 
change in heat of reaction should be assigned to the heat of 
combustion of benzene or of cyclohexane We shall assume 
the latter 

Similarly, Frost [27, 1933] has determined the equilibria 
of toluene with methyl cyclohexane, and of benzene with 
diphenyl The former gives 

AF® - -43,335-1- 19 71 Fin r-0 01045r»- 37 8r (25) 
and approximately aF“ = -52,400-1 97F, (25a) 

which are only slightly different from the above equations 
for hydrogenation of benzene According to Frost the 
equilibnum constant for hydrogenation of toluene is about 
three-tenths as much as that of benzene, this ratio bemg 
nearly independent of temperature 
The corresponding equilibna for hydrogenation of ethyl 
benzene and of propyl benzene as well as of toluene were 
studied by Vvedenskii, Vinnikova, Zharkova, and Fun- 
duiler [82, 1933] The results are in the form 
for toluene log = 10,970/F- 20 387 ± 0 053 

for ethyl benzene log Kj, = 9,620/F- 1 8 041 ± 0 049 
for propyl benzene log Kp = 9,875/F- 18 560 ± 0 084 
These equations can be reduced readily to free energy 
equations, but we lack the free energy values for ethyl 
benzene and propyl benzene unless we assume that the 
former are the same as for /n-xylene, and arrive at the latter 
by addition of the values of the former and the increment 
for paraffin hydrocarbons, — 6,440-1-25 6F The equation for 
toluene agrees well with that given by Frost above, and 
those for the higher alkyl benzenes indicate constants 
about seven-tenths as great as for toluene or one-fifth as 
great as for benzene 

Frost’s data [27, 1933] for diphenyl correspond with the 
equation AF® -- 2,700-1- 1 4F, (26) 

a comparatively small value, which is nearly independent 
of temperature Vvedenskii and Frost [80, 1932] had 
previously found that the equilibrium for formation of 
diphenyl benzene from diphenyl and benzene at about 
900° K corresponds to log Kp- 0 5 or AF® = —2,000, 
also 4 small value 

The equaUons for heat capacity of aromatic vapours 
given by Parks and Huffman [58, 1932, p 93] agree with 
the data at moderate temperatures, but at high tempera- 
tures, which are especially interesting for aromatics, there 
IS probably a negative F® terra as in the case of paraffins 
However, the use by Parks and Huffman of a hnear equa- 
tion for the heat capacity of carbon instead of the more 
accurate quadratic equation compensates as well as is now 
possible for the ne^ect of unknown F® terms in the 
equations for aromatic vapours 
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They simplified their equations for hydrocarbon vapours Francis and Kleinschmidt [21, 1929], Parks and Huffman 

to linear equations for the range 400 to 900“ K Since, [58, 1932] except that a smaller temperature range, 600 to 

however, there is very little cracking below 700' K 1,100“ K (327 to 827" C), is used in order to permit a larger 

(427° C), especially when aromatics are involved, the scale so that the numerous lines may be distinguished This 

linear equations will be a tnfle more accurate if derived range includes practically all cracking of importance Two 

from the longer ones over the range 700 to 1,000” K in hydrocarbons, methane and acetylene, are almost crowded 

which most of the reactions occur In this range the lines oflT the diagram, but this need cause no uncertainty, since 

are a little steeper The following equations are derived in this range methane is much the most stable (lowest free 

in this manner from those of Parks and Huffman [58, 1932, energy) of the hydrocarbons, and acetylene is much the 

eq 61-9], but corrected for the newer value tor entropy of least stable (thermodynamically) The reduction to ‘free 

carbon (Jacobs and Parks [36, 1934]) and also fortheabove- energy per caibon atom’ is necessary to put hydrocarbons 

mentioned slight changes m the cases of toluene and cycio- of different carbon content upon a comparable basis in 

hexane The equations for methyl cyclohexane and cracking reactions 

diphenyl are new, and derived from Frost’s data [27. The thermodynamic relations of the hydrocarbons as 
1933] In the case of anthracene the equation of Parks and liquids are similar, and could be computed foi any mdi- 
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Huffman |,71, 1931] would give a slightly higher value and 
higher slope per carbon atom than that of naphthalene As 
this IS improbable in view of the reverse relationship of 
naphthalene to benzene, the equation for anthracene 
vapour IS simply 1 4 times that of naphthalene (to make its 
value per carbon atom identical) 

Table V 

Free Energies of Cyclic Hydrocarbons 
Q-cIohexane -36,500+ 139 6r (27) 

Methyl cyclohexane -43,300+162 3r (28) 

Benzene 17,200-1- 43 07- (29) 

Toluene 6,800+ 67 6r (30) 

#n-Xylene 3(X)+ 93 5T (31) 

Naphthalene 28,600+ 66 Or (32) 

Anthracene 40,000+ 92 4r (33) 

Diphenyl 37,100+ 87 3r (34) 

Free Energy Relations among the Hydrocarbons 
The free energies per carbon atom of most of the im- 
portant hydrocarbons as vapours are plotted in the accom- 
panying figure as functions of temperature This figure is 
similar to those published previously Francis [19, 1928], 


vidual case from the relative partial pressures of the re- 
a^nts and products, but a general diagram which would 
show these relations properly cannot be constructed 

The chief differences m the figure as compared with that 
of Parks and Huffman [58, 1932] (allowing for the dimin- 
ished temperature range) are hnes for the paraffins, especially 
methane, which are a little higher and steeper, a higher but 
less steep line for ethylene, and a lower and less steep line 
for acetylene The curves for methane and the C, hydro- 
carbons have been placed much more accurately than 
formerly by spectroscopic data and accurate heats of 
combustion 

Free energies are plotted on the basis of umt fugacity 
(approximately 1 atm ), and in general the tendency in 
cracking is for a hydrocarbon with a higher hne to give one 
with a lower one at the temperature used Many cracking 
reactions are conducted under pressure, however, and under 
such conditions the relations arc modified, depmding upon 
the relative numbers of molecules in the reagents and pro- 
posed products Thus polymerization and hydrogenation 
(assuming hydrogen is present) of olefines are favoured by 
pressure This is well understood quahtahvely Tlieinagni- 
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tude of this effect is such that in changing the pressure 
(more stnctly the fugacity) from Pi to Pt there is a shift in 
effective free energy of 

AF= -£inRT\nptlp^ (35) 

(the superscript of AFis here omitted because we are now 
considering other than unit fugacities) m which An is the 
change in numbers of molecules in the reaction If, for 
instance, An is I, and the pressure is doubled, at 800' K 
the change in effective free energy would be 1,100 cal per 
molar quantity of the substances as written in the equation 
Cracking in general and especially the synthesis of aro- 
matics is not favoured by high pressure, since there is al- 
ways an increase in the number of molecules, for example, 
Ciu,H 4„ 4 , C,H,„ , , I C„Hj, 

C,H,4 — C,H,+4H, 

6 CH 4 C,H,+9H, 

In the latter two cases the increase of 4 mols in volume 
means an increase of 4,400 cal (at 800 ' K ) or 733 cal per 
carbon atom when the pressure is doubled Dunstan, 
Hague, and Wheeler [16, 1934] in their comprehensive 
review on cracking discussed this point from a practical 
standpoint, and showed that with even a moderate pressure 
(3 5 atm ) the yield of aromatics is decreased 
Franas [20, 1931] demonstrated the profound effect of 
pressure in increasing the yield of carbon black by deposi- 
tion from a flame (an equilibrium reaction), but computed 
that the yield would not continue to rise with pressure 
without limit, but decrease again because of the suppression 
of decomposition of methane 
Usually, however, the chief purpose in using pressure in 
cracking is not to control reactions, but to employ the 
reagents in high concentration (usually liquid) so as to 
attain economical heat transfer, and a reasonable through- 
put by weight without the high velocity and consequent 
high temperature necessary in vapour phase cracking 
Most of the conclusions of Francis [19, 1928] and of 
Parks and Huffman [58, 1932] in regard to possible hydro- 
carbon reactions arc verified One of them, stated by 
Francis and quoted by Paiks and Huffman, which dis- 
courages the production of an olefine from a paraffin of the 
same number of carbon atoms, should be modified in the 
case of ethylene and propylene since the slightly higher 
values now found for free energies of the paraffins makes 
the dehydrogenation a little more favourable Dunstan, 
Hague, and Wheeler [16, 1934] report conversions of 58% 
by weight of either ethane or butane into olefines, while 
Tropsch and Egloff [79, 1935] obtamed 66% dehydro- 
genation of ethane by using a short time, 0 0035 sec at 
1,100° C or 0 0004 sec at 1,400° C In the case of higher 
olefines, however, it is probably more promising economi- 
cally to isolate or concentrate the desired olefines from 
cracking still gases 

Another reaction, the synthesis of acetylene from 
methane, which was considered very unfavourable, has 
been accomplished by Frolich and co-workers in two ways, 
by using an electric arc [24, 1930] at whose temperature the 
free energy is very favourable, though acetylene itself is not 
stable thermodynamically The other method [25, 1930] 
was by using a moderately high temperature, 1,120° C, 
with diminished pressure, below 0 1 atm , at which the 
yield of acetylene becomes appreciable, 1 1 %, even though 
the equilibnum constant is small In both cases a very 
short time of contact was necessary to prevent decomposi- 
tion of the product 

Storch and Golden [76, 1933] hkewise made acetylene 
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from methane at a temperature of 1,500° C with a yield of 
40% using carbon dioxide as a diluent instead of low pres- 
sure According to equations (la) and (2a) the equilibrium 
yield at that temperature would be nearly 99% if there 
were no side reactions (mainly decomposition to the 
elements) 

Thermodynamics does not indicate just what reaction 
will take place in most cases The ultimate equilibrium in 
all cases of hydrocarbon cracking corresponds to the 
elements, carbon and hydrogen, with varying amounts of 
methane depending upon the temperature and pressure, 
and this condition is sometimes nearly attained with 
explosions of acetylene or ethylene (see introduction to this 
article) But usually the products consist of a mixture only 
slightly nearer to equilibrium than the reagents, the actual 
reaction depending sometimes upon an available mechan- 
ism and sometimes upon a catalyst 

In the diagram one 1$ impressed with the parallelism of 
the lines for the aliphatic hydrocarbons In the case of 
those members above ethane this is a necessary con- 
sequence of the form of equation (14a) This parallelism 
would seem to bar the production of higher members of 
the series from lower ones, e g liquids from gases Such 
a synthesis is possible to a certain extent, however, because 
of at least five considerations 

1 There may be some tonversion by reactions of the 
type 

2C4Hi„ --C,H,+C.H,4 

for which the free energy is substantially zero at all tempera- 
tures, so that temperature and probably pressure also would 
have little effect 

2 Possibly the decomposition of part of the reagent 
furnishes energy for the building up of larger molecules, 
for example, 

6C,H,-^C,H,4 1 IIH, ) 6 C 

High temperatures and low pressures would favour such 
a reaction 

3 The bombardment of molecules with alpha particles 
[51, 1926], ultra-violet radiation [46, 1930], or electric dis- 
charge [52, 1930] may supply energy in a form immediately 
available in building up larger molecules 

4 Storch [75, 1933] obtained yields of ethane as high as 
95% by heating methane with a carbon filament in a bulb 
immersed in liquid mtrogen 

5 The reaction may be carried out indirectly in two or 
three stages of the type 


CaH* 

^ CjH, t Ha 

(a) 

2C3H,- 

' C,Hi, 

W 

fC,H„--C,H ,4 

(c) 


Reaction (a) is possible to a substantial degree above 
915“ K (642° C ) and is favoured by low pressure, while 
reaction (6) is possible at atmospheric pressure below 
about 618° K (345° C ), and with pressure at considerably 
higher temperatures The yields are, of course, much better 
if most of the hydrogen is removed between the two 
reactions Reaction (c) is of no importance, but is included 
simply to show that higher paraffins can be synthesized 
indirectly 

Hus indirect procedure is well understood, and there 
have been recent experimental researches which employ it, 
for example, Frolich and Wiezevich [26, 1935] and SuUivan, 
Ruthruff, and Kuentzel [77, 1934] From an econonuc 
standpoint the three steps are objectionable, but there seems 
little possibility of obtaining a good yield of aliphatic 
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liquid products in a single step from paraffin gases, because 
of the diverse conditions required 

On the other hand, if ole^e gases arc available m high 
concentration as by-products of cracking, they may be 
polymerized to Lquid hydrocarbons preferably with cata- 
lysts under pressure and at not too high temperatures 
Polymerization is receiving much interest recently [26, 77, 
79, 83, 1935], and has been reviewed comprehensively by 
Bowen and Nash [ 6 , 1933 ] 

If we apply equation (23), the free energy for the general 
equation 

would be 

AF" -- -18,940 t 33 8r (36) 

Although the situation is complicated because the products 
of polymerization are seldom straight chain olefines, the 
difference in free energy is not great This equation seems 
to imply that polymerization is impossible above 287° C 
at which equation (36) becomes zero, and this supposition 
is contradicted by innumerable researches Actually there 
IS no inconsistency, since (a) usually pressure is employed 
in order to accelerate the reaction, and this would shift the 
equilibnum also towards polymerization, (b) in the cases of 
ethylene and propylene the general equation does not quite 
apply, and these olefines are thermodynamically less stable 
and (in that sense) more easily polymerized, (c) even at 
atmospheric pressure, a fair yield of polymer (up to 38 % 
dimer or 32 % tamer) is possible when the f ree energy change 
IS unfavourable or zero 

Gayer [29, 1933] and Whitmore and Marschner [83, 
1935] polymerized propylene at atmospheric pressure at 
about 350° C obtaining up to 34% yield of polymers At 
that temperature, according to equations (17) and (23), 
the free energy change is 210 cal for the formation of 
dimer, 1 ,373 for tamer, and more positive values for higher 
polymers, although, of course, these values are uncertain by 
a few hundred calories 

The decrease in amount of higher polymers, especially 
beyond Ci„ may be due partly to the less favourable free 
energy relations Thermodynarmes permits the observed 
formation of Cg, C„ and Cg hydrocarbons, but does not 
explain it, nor the apparent absence of hydrogen, Q, Cj, 
and Cg hydrocarbons Such facts must be explained by 
mechamsm 

The lesser slope of the lines for the aromatic hydro- 
carbons mdicates that at temperatures above 800° K 
(527° C ) they may be synthesized directly m moderate 
yield (because of decomposition side reactions) from any 
hydrocarbon material except methane, which requires a 
still higher temperature (and gives a still lower yield) The 
presence of aromatics in coal tar and gas-house tar is due 
to these reactions 

The formation of aromatics from naphthenes is relatively 
a simpler process, mere dehydrogenation in most cases, 
and may be accomplished at temperatures as low as 275° C , 
provid^the hydrogen pressure is not allowed to accumulate 

The imtial rcaaion in the cracking of a paraffin hydro- 
carbon can be represented generally by the reaction 

( I -> , I -f 

givmg a lower paraffin (or hydrogen if m — 0) and an olefine 
From equations (14n) and (23) the free energy of this re- 
action m the vapour phase is 

AF® - 18,940-33 8r, (37) 

the reverse of equation (36) for polymerization This 


applies to all higher values of n and m and becomes nega- 
tive (making the reaction favourable thermodynamically) 
at temperatures above 560° K or 287° C Its values are 
modified only slightly by the special equations for the 
hydrocarbon gases, so that the free energy of reaction gives 
little information as to the point of initial bond rupture, 
and indeed several such reactions may run concurrently 
Thus, for example, Dintzes and Frost [15, 1935] find that 
demcthanation and de-ethanation of n-octanc proceed with 
equal velocity Frey [22, 1934] has reviewed the pyrolysis 
of pure saturated hydrocarbons 
However, if hydrogen is to be the initial product, the 
free energy of reaction is given by equation (22) which 
becomes negative only at temperatures above 893° K 
(620° C) Of course some hydrogen can be formed at 
somewhat lower temperatures Certainly, hydrogen is an 
initial product in many cracking reactions as shown, for 
example, by Schneider and Frolich [71 , 1 93 1 ] The mechan- 
isms of cracking are discussed much more extensively in 
the article by Frolich and Fulton on ‘The Theory of 
Cracking’ 

It IS oi interest to calculate the composite equilibrium in 
a fairly simple case, the cracking of propane at 650" C 
illustrated in Fig 3 of the above-mentioned paper by 
Schneider and Frolich 

Let us assume that the only products arc hydrogen, 
methane, ethane, ethylene, and propylene If we write the 
reaction 
aC,H, 

-l-/lH,-|-/»CHg I eC,H, 1 C'CgHg I pC,Hg+p'CgH„ 
where the literal coefficients on the right side indicate the 
partial pressures in atmospheres, and a is the number of 
mols required to balance the equation, we have the 
following relations 

A-l mi-ei e'--p + p' 1 (total pressure) 
A-I-2»H 3c-}-2e'-f 4p-) 3p' r 4fl (to balance H,) 
m-i- 2e-^ 2e'-L Zp+ 3p' — 3a (to balance Q 
e+e' — m 

(because there is no other Ci hydrocarbon than methane) 

= 450 (from Table II and equation (14a)) 

P 

hp' 

— 1 15 (from Table IV and equation (17)) 

P 

*^’ = 0 0855 (from Table II) 

Solvmg these seven equations partly by combination and 
elimination and partly by trial, we hnd 

A = 0 00922 p- 0 0455 p = 0000439 
a = 0 52296 m - 0 4678 p' = 0 4223 
p' = 0 05472 

Reducing a to 1 0, the reaction becomes 
C,H,->0 01761H,-t-0 89455CH*-f 0 087C,H,-h 

f 0 80755C,H4-f0 00084C,H8-fO 10461C,H, 
This equation is consistent with the result of extrapolat- 
ing the curves far to the right (infinite time), except that 
hydrogen does not decrease as rapidly as the equation 
would indicate, probably because of further reactions in- 
volving carbon and higher hydrocarbons The bulk of the 
reaction is to methane and ethylene, however, with about 
9% ethane, as mdicated by the equation. 

Isomerization is an interesting pyrolytic reaction m some 
cases One type is the possible conversion of olefines to 
naphthenes, such as hexene to cyclohexane According to 
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equations (23) and (27) the free energy of this conversion is 
- 16,800+ 19 8r which becomes zero at 849° K (576° C ) 
The naphthene is favoured at lower and the olefine at higher 
temperatures, but the lines mtersect at such a small angle 
that the computed equilibrium constant varies only from 
8 3 at 700° K down to 0 2 at 1 ,000° K , so that appreciable 
yields might be obtained in either duection throughout the 
cracking range Aluminium chloride probably catalyzes 
this and sunilar reactions at moderate temperatures 

Another type of isomenzaUon is that of normal paraffins 
into branched chain structures Petrov and co-workers 
[62, 1935] have investigated such reactions of n-heptane 
and n-octane at 300 to 400° C and found maximum con- 
versions of only 27 % and 23 3 % respecuvely Callingaert 
and Flood [10, 1 935] claim /i-heptane gives only 4% isomen- 
zation These results are consistent with the conclusion 
reached above that the straight chain hydrocarbon has a 
slightly lower free energy than its isomers The former 
investigators observed a moderate shifting of the double 
bond of hexene-1 to the 2 or 3 position, in agreement with 
the previous results of Norris and Reuter [57, 1927] Hurd 
and Goldsby [34, 1934] and Ipatieff, Pines, and Schaad 
[35, 1934] also found shifting of the double bond in both 
directions in the case of the butenes In general the isomer 
with the double bond nearer the middle seems to be slightly 
the more stable 

Free radicals are favourite intermediates in explaining 
some pyrolytic reactions Such radicals as tiiphenyl 
methyl have a quasi-stable existence and therefore a de- 
terminable free energy, but they are not concerned in the 
pi esent discussion We might make a rough estimate of the 
free energy of the methylene radical, — CH, - , by supposing 
that It bears the same relation to that of methane as that 
of ethylene (more strictly ethyhdene CHjCH -) docs to that 
of ethane This would give 

AF® = 12,500-6r (38) 

Like acetylene, its stability should increase with tempera- 
ture, and even in the cracking range should exceed that of 
most hydrocarbons, but because of Us free valencies its 
high reactivity prevents its isolation Rice and Dooley 
[66, 1934] have concluded that it is not formed in the 
pyrolysis of methane, although the methyl radical is formed , 
but Kassel [44, 1935] contends that methyl cannot possibly 
be the intermediate, and that methylene is more probable 
We cannot evaluate the free energy of neither methyl nor 
of methine, ethyl, &c , even approximately nor would it 
be of much significance if we could, since to complete the 
reaction the reverse of the free energy of the radical would 
be involved, and this would cancel out (cf Patat [60a, 
1936], Voge [79a, 1936]) 

Origin of Petroleum 

The thermodynamic relations of the hydrocarbons 
justify some considerations upon the origin of petroleum 
Brooks [7, 1934] presented a comprehensive discussion of 
this subject from a chemical viewpoint His conclusion was 
that there is no valid evidence for a higher temperature in 
the formation of petroleum than one which would perimt 
life, say 1(X)° F , and implied that it may have been formed 
from complex organic matter by fermentation This is 
contrary to the ideas of some others who have been led by 
the extreme complexity of petroleum to suppose that the 
complexity was due to thermal crackmg of fats or waxes 
or other orgaiuc matter His points related to thermo- 
dynamics are (1) that no hydrogen, carbon monoxide, or 
oleSnes have ever been found in natural gas associated with 


petroleum, although these gases are always found in crack- 
mg reactions (assuming the presence of oxygen containing 
material in the case of carbon monoxide) , (2) that usually no 
sohd carbonaceous material is associated with petroleum as 
would be the case if there were crackmg, (3) that petroleum 
often does contain naphthenes and aromaUcs, which are 
characteristic of high temperature crackmg, but no hquid 
olefines 

Some hold the idea that a longer time at a lower tem- 
perature IS equivalent in cracking to a shorter time at a 
higher temperature, since this is true over a hmited 
range of temperature However, it would not be true of 
moderate temperatures, 100 to 250° C , as compared with 
ordinary cracking temperatures, 400 to 800" C , even m 
‘geologic time’, since the types of hydrocarbons which are 
stable are different Most petroleum deposits do not corre- 
spond in composition to equilibrium conditions at any 
temperature, since they usually contain appreciable quanti- 
ties of naphthenes To illustrate this point, calculations are 
made in Table VI of the equilibrium percentages at atmo- 
spheric pressure of n-hexane, a hexene, cyclohexane, and 
benzene, representatives of the four classes of hydro- 
carbons on the assumption that no carbon-carbon bonds 
are broken The temperature range is 550 to 600° K (277 
to 327° C ), at which the transition from paraffin to aro- 
matic takes place Cyclohexane rises to a maximum per- 
centage of only 1 % and then decreases again, while the 
olefine remains negligible at all temperatures Pressure 
would shift all equilibria towards paraffins 

Table VI 

EquiUhnum Percentages of Hydrocarbons 

Temp I n- Hexane Hexene Cyclohexane j Binzene 

SS0”K . 85% 0 006 0 8 14 

570° I 69 0 01 1 0 30 

600° I 34 0 01 0 6 6S 


Of course, the presence of aromatics, if produced by 
cracking, implies the presence also of hydrogen which 
would be formed as a by-product We must consider the 
possibility that petroleum was formed by slow ‘cracking’ 
at about 6(X)° K (327° C ) giving substantial amounts of 
aromatics and paraffins, together with hydrogen, some of 
which was lost by diffusion or oxidation, and that subse- 
quently at lower temperatures the remaining hydrogen 
recombined with some of the aromatics forming naphthenes 
rather than the still more stable paraffins, because of the 
much simpler meebamsm This process would be sound 
thermodynamically if it were not invalidated by other 
chemical and geological evidence The principal difficulty 
from the chemical standpomt is the uniform absence of 
hydrogen from natural gas, since (a) in some of the more 
recent deposits the hydrogenation would be expected to be 
incomplete, (h) complete loss of hydrogen by diffusion is 
improbable m view of the frequent presence of hehum m 
natural gas, (c) loss of hydrogen by oxidation is likewise 
improbable because of the common presence of hydrogen 
sulphide, which is more readily oxidiud than hydrogen 
Barton [4, 1934] also discussed ‘Transformation of 
Petroleum in Nature’ He showed that generally the more 
recent petroleum deposits are heavier or more naphthenic 
than older ones, and reasoned that ‘proto-petroleum’ is 
naphthenic, and m the course of geologic tune becomes 
more paraffinic, although with Brooks he insists on a very 
low temperature (generally below 50° C ) In the absence 
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of hydrogen as source matenal to bnng about this enrich- cally in view of the extreme inertness of methane even at 

ment with hydrogen. Barton postulated interaction of much higher temperatures than those postulated 

methane with the naphthemc oil Typical of this process These considerations lead the author of this article to 
IS the reaction accept Brooks* conclusion (p 187) that ‘organic materials 

„ Nz-u “ stable as the paraffins once formed and sealed in the 

(.Hi-t (cycionexanej -> sedimentary rocks, undergo no further chemical change 

the free energy of which is found from equations (lo), (27), whatever under the conditions of temperature and pressure 

and (14a) to be existing in sedimentary rocks even of great geological age 

1 - 1,630 1 13 6r (39) depth* The difference in composition of younger and 

older deposits of oil is due more likely to differences in the 
This IS sufficiently positive at all temperatures to make the source material or in the original reactions than to a pro- 

reaction impossible thermodynamically as well as kincti- gressive change in the oil 

REFERENCES 


1 Ashwohih. A A JIPT 10, 790 (1924) 

2 Atkinson, R G , and Storch, H H Ind Eng Chem 26, 1121 
(1934) 

3 Banse, H , and Parks G S J A C S SS, 3225 (1933) 

4 Barton, D C JIP1 20,206(1914) 

5 BlATTlE, J A Hadlock C , and PorrcNnERCER, N J Chem 
Phys 3, 95 (1935) 

3a Bent H E eiaha J ^ C 5 58. 165 (1936) 

6 Bowfn, a R , and Nash, A W Proc H'orld Petr Cong , 1933, 
2,774 

7 Brooks, B T JIPT 177 (1934) 

8 Brvant, W M D Ind Eng Chim 25, 820(1933) 

9 Burrows. G H . and Lucarini, C / /( C 5 49. 1 159 (1927) 

10 Callinoaert, G , and Flood, D T / A C S 57, 956 (1935) 
n Coward H F , and Wilson, S P yC5 115, 1380(1919) 

12 Craooe, C S Mac Pub Bur Standards, no 97,33(1929) 

12a Crawford, B L and Parks Ci S JACS 58, 373 (1936) 

13 Dana, L 1 . Jenkins, A C , Burdick, J N , and Timm, R C 
Ref Eng 12, 391 (1926) 

14 Davis, C O , and Johnston, HE J A C S 56, 1045 (1934) 

15 Dintzes, a 1 , and Frost, A V Chem Abs 29, 2058 (1935) 

16 Dunsian, a F , Hague F N , and Wheeler, R V Ind Eng 
Chem 26, 307 (1934) 

17 Eoloff, G , and Schaad, RE JIPT t9, 808 (1933) 

18 Eucken, A , and Parts, A Z phw Chem 20 b 189 (1933) 

19 Fran( is, a W Ind Eng Chem 20, 277 (1928) 

20 Ind Eng Chem 23,612(1931) 

21 Francis, A W , and Kleinschmidt, R V Od and Gas J 28, 
no 29, 118 (1930) 

22 Frey, T E Ind Eng Chem 26, 198 (1934) 

23 Frey, F E, and Huppke, W F Ind Eng Chem 25, 54 (1933) 

24 Frouch, P K . White, A , and Dayton, H P Ind Eng Chem 
22, 20 (1930) 

25 Frolich, P K , WiHTE, A , Uhrmacher, R R , and Tufts, L T 
Ind Eng Chem 22, 23 (1930) 

26 Frouch, P K , and Wiezewich, P 1 Ind Eng Chem 27, 1055 
(1935) 

27 Frost, A V Khim Tverdogo Topliva, 4, 111 0933) 

28 J Gen Chem (USSR), 4, 124(1934) 

29 Gayer, F H Ind Eng Chem 25, 1122 (1933) 

30 Gordon, A R J Chem Phys 1, 309 (1933), 2, 69 (1934) 

31 Halford, JO/ Chem Phys 2, 696 (1934) 

32 Huffman, H M , Parks, G S , and Barmore, M J A C S 53, 
3884(1931) 

33 Huffman, H M , Parks, G S , and Daniels, AC JACS 
52, 1554 (1930) 

34 Hurd, C D , and Goldsby, A R JACS 56, 1812 (1934) 

35 Ipatieff, V N, Pines, H, and Schaad, RE JACS 56, 
2696 (1934) 

36 Jacobs, C J , and Parks, G S JACS 56, 1515 (1934) 

37 Jessup, R S Unpublished work in Bureau of Standards 

38 Johnston, H L , and Chapman, AT / A C 5 55, 159 (1933) 

39 Johnston, H L , and Davis, CO / A C S 56, 273 (1934) 

40 Johnston, H L , and Walker, M K / A C J 55, 179 (1933) 

41 Kassel, L S / Chem Phys 1, 584 (1933) 

42 / A C S 55, 1357 (1933) 

43 JACS 56, 1840(1934) 

44 J A C S 57, 833 (1935) 

44a / Chem Phys 4, 435 (1936) 

45 Kelley, K K JACS 51,2738(1929) 

46 Kemula, W Chem Abs. 34 , 4462 (1930) 

46a Kisttakowsky, G B,et alia JACS 58, 137 (1936). 

47 Kbtiakowsky, G B , Romeyn, H , Jr , Ruhoff, J R , Smith, 
H A , and Vaughan, WE / A C S 57, 75 (1935) 


48 KisTiAkowsEi G B RuHorr, J R, Smith, H A, and 
Vaughan WE /ACS 57.876(1935) 

49 Ifwis B , and FiBt C. von JACS 55, 518 (1933) 

50 — / Chim Phis 2,291 (1934) 

51 liND, S C andBARDWFLi DC JACS 48, 2335 (1926) 

52 Lind S C. and Giockler, G J A C S 51, 4450 (1930) 

53 Magnus, A and Worthing, AG / C / 5, 94 

54 Mamr, J F BRUNA.4R, S. and Mayer, M G JACS 55, 
52, 5073(1933) 

55 Nfwton R H Ind Ing Chim 27. 302 (1935) 

56 Newion, R H , and Dodge B F Ind Eng Chem 27, 581 
(1935) 

57 Norris, J F . and Reuter, R / A C S 49. 2624 (1927) 

58 Parks Ci S and Huffman H M Tree Energies of Some 
Organic Compounds Chemical Catalog Co , New York (1932) 

59 Parks, G S, Huffman H M and Thomas SB JACS 
52, 1032(1930) 

60 Parting roN J R and Schillincp W G Specific Htals of 
Gases Benn, London (1924), pp 190-200 

60o Patai, F Z phw Chem 32 b 274 (1936) 

61 Pease, R N , and Duroan, F S / A C 5 50. 2715 (1928) 

62 Pfirov, A D MiSHtiiERYAKOv, A P.andANDRFEw D N 
Ber 68 b. 1 (1935) 

63 Pring, J N and Fairlil, D M JCS 101,91(1912) 

64 PURDUM, R B andPiASL, R N JACS 55, 3110 (1933) 

65 Randail M and Mohammed, A Ind Eng Chim 21, 1048 
(1929) 

66 Ricf, F O . and Dooley, M D / A C S 56. 2747 (1934) 

67 Rossini, F D Bnr Stand J Ret 11, 559 (1933) 

68 6,37(1931), 12,735(1934) 

69 13, 21 (1934) 

69o 17,629(1936) 

69* / Chem Phvi 3, 438 (1935) 

69r Roth, W A , and Pahlkf, H Angew Chem 49, 618 (1936) 

70 Sage, B H , Schaafsma, J G , and Lacey, W N Ind Eng 
Chem 26, 1223 (1934) 

71 Schneider, V, and Frolich, P K Ind Eng Chem 23, 1405 
(1931) 

72 Smith. D F Ind Eng Chem 19, 801 (1927) 

72a Smiih, H A, and Vaughan, WE/ Chem Phys 3, 341 
(1935) 

73 Smolensky, K , and Kovalevsky, S U O P Lib Bull 10, 53 
(1935) 

74 Southard J C .and Brickwedde.F G / A C S 55,4382(1933) 

75 Storch, H H /A CJ 54, 4188 (1932) 

76 Storch, H H , and Golden, P L Ind Eng Chem 25, 770 
(1933) 

77 SuLUVAN, F W , Ruthruff, R F , and Kuentzel, W E Ind 
Eng Chem 27, 1072 (1935) 

78 Travers, M W, and Pearce, T J P Chem and Ind 53, 332t 
(1934) 

79 Tropsch, H , and Eoloff, G Ind Eng Chem 27, 1063 (1935) 

79a VOGF, H H / Chem Phvs 4, 581 (1936) 

80 Vvedenskii.A A.andFRosT, A V / Gen Chem {USSR), 
2, 542 (1932) 

81 VvEDENSKii, A A , and Vinnikova, S G / Gen Chem 
(USSR). 4, 120(1934) 

82 VVEDENSKII, A A , Vinnikova, S G , Zharkova, V R , and 
Funduiler. B M j Gen Chem (U S S R ). 3, 718 (1933) 

83 Whitmore, F C , and Marschner, R T Petr DIv ACS, 
New York (1935) 

84 Zharkova, V R , and Frost, A V / Gen Chem (USSR), 
2,534(1932) 



THE THEORY OF CRACKING 

By P K FROLICH, D Sc , Diretlor of Chemical Laboratories, and 
S. C. FULTON, B Sc , Research Chemist, Esso Laboratories, Standard Oil Development Company 


Cracking is the term commonly used for the thermal 
decomposition of hydrocarbons, particularly as practised 
in the rehning of petroleum, where the operation is mainly 
used for the production of motor fuel The purpose of 
cracking is primarily to produce low-boiling constituents 
by breaking down the larger molecules A secondary 
consequence arises from the fact that the products are, by 
virtue of their structure, less susceptible towards knocking 
m gasoline engines than most straight-run gasolines of a 
corresponding volatility Although the chemistry of crack- 
ing IS complicated, due to the highly complex nature of 
petroleum, and not well understood, it has been possible 
from a commercial viewpoint to establish such controlling 
factors as reaction rate, equilibrium phenomena, &c , which 
are necessary for practical refinery operation For this 
reason the actual reaction mechanisms have been more or 
less neglected by the oil industry until the past few years, 
when It became generally recognized that such fundamental 
knowledge is an essential aid in successfully applying the art 

Studies of the pyrogenic behaviour of pure compounds, 
comprising the various simpler types known to be present 
in petroleum, have and still arc being actively pursued so 
that at the present time it is possible to obtain by analogy 
some idea of the mechanisms involved in the cracking 
of the more complex mixtures With the continual im- 
provement in analytical technique, rapid advances towards 
a more comprehensive generalization of the theory of 
cracking may well be expected in the near future 

In view of the rapid advances in the cracking industry 
and the great amount of research currently being done in 
this and allied fields, it stands to reason that there have 
been developments which have changed the authors views 
on some of the points presented in this discussion, which 
was submitted m 1935 By way of illustration, reference is 
made in this chapter to the possibility of complicated bi- 
molecular primary reactions taking place in the thermal 
decomposition of the lower molecular weight paraffins 
Recent advances in the study of free radicals and of re- 
action kinetics have led to a more simplified concept of the 
mechanism of these reactions This subject was discussed 
in considerable detail by the senior author at a meeting of 
the New York Section of the British Society of Cheimcal 
Industry on April 3, 1936 In other cases, new facts might 
either have bwn introduced to further substantiate the 
views presented or might have served to modify some of the 
opinions ventured On the whole, however, the authors 
feel that the theory presented here incorporates the best 
existing knowledge on the mechanism of the cracking 
operation 

Chemical Composition 

The various classes of hydrocarbons behave differently 
towards thermal dissociation, particularly with respect to 
thermodynamic stabihty and m the nature of their dis- 
sociation products It IS therefore important to consider 
the vanous types found in petroleum These vary with 
tile source of the crude, but it is a general rule that the 
lower fractions consist of various isomenc paraffin hydro- 
carbons ranging from methane upwards. Themtermediate 


fractions arc partly paraffinic and partly single-ring 
aromatics and naphthenes with or without short side 
chains, while the heavier components, with the exception 
of wax which may be present, consist of single and con- 
densed rings with side chains of varying lengths Although 
simple paraffin hydrocarbons of high molecular weight 
are found in appreciable amounts, particularly in the so- 
called paraffin-base crudes, Mabery's classic work has 
shown that the greater portion of the paraffinic constituents 
exist as radicals linked to ring compounds, the rings being 
either naphthenic or aromatic in character No investigator 
has yet reported the existence of any signihcant quantities 
of olefines in crude oil 

Analysis of the various types of crude oils show that 
they contain on the average two atoms of hydrogen or 
slightly less per atom of carbon Actually the ratio of 
hydrogen to carbon is higher in the lighter fractions (as 
exemplified by the lower paraffins) but decreases gradually 
as the molecular weight increases This progressive de- 
crease in the hydrogen-to-carbon ratio with increase in 
boiling-point is an important factor in the crackmg and 
hydrogenation of petroleum 

Primary and Secondary Reactions 

The reactions undergone during the thermal decom- 
position of hydrocarbons are conveniently divided mto 
two classes designated as primary and secondary reacuons 
A primary reaction in general is one in which the parent 
hydrocarbon is either in equilibrium with the decomposi- 
tion products or forms non-reversible fragments, while 
secondary reactions include all those which the products 
of a primary reaction undergo A determination of what 
products are formed as the result of a primary reaction 
is very useful in interpreting reaction mechanism which 
would be otherwise obscure A useful means of identifying 
these initial products, applicable to the simpler hydro- 
carbons, has been found in the extrapolation of the mol 
composition of the reaction products to zero conversion 
(32, 1931] which holds in all cases where the reaction 
velocity of the secondary reactions is of a lower order 
[19, 1934] 

T>vo important unimolecular primary reactions can 
occur [1, 1866] equilibrium involvmg hydrogen, and 
[2, 1867] an irreversible splitting of the carbon-to-carbon 
bonds Equihbnum involving hydrogen, for example 
H, (for paraffins) 

CnH„ (cyclic) , &c (cyclic)-!- 1, 2, &c H, 

IS thermodynamically possible and has been shown to 
occur by numerous investigators 

The major primary reaction comprises splitting the car- 
bon-to-carbon bond This is more likely to occur than the 
former, smee the activation energy for a carbon-to-carbon 
rupture is about 71 kg -cals against about 93 3 kg -cals 
for a carbon-to-hydrogen rupture These are the values 
now m use by Rice and his co-workers (27, 1931] They are 
somewhat higher than those originally determined by 
F^ans [9. 1922] 
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In addition, there are uidications of more complicated 
bimolecular primary reactions For example, careful 
studies of the pyrolysis of simple paraffins mdicate that 
overall reactions of the following general type can occur 
to a considerable extent 

2C,H. C,H. I C.H., 

Secondary reactions embrace all those reactions which 
are generally termed recrackmg and differ from primary 
reactions in definition only In addition to these reactions, 
however, polymenzation becomes an important factor The 
formation of a branched olefine from two olefines and 
(^clization can occur under cracking conditions Specific 
examples of these various reactions will be taken up m 
more detail later 

The Pyrolysis of Paraffins 

As a general rule, it has been found that for hydrocarbons 
of the same molecular weight, paraffinic chains have the 
greatest tendency to crack in the temperature range 
covered by commercial hquid- and vapour-phase cracking 
(400to600“C) 

The carbon-to-carbon rupture can theoretically be con- 
sidered to take place in three ways 

(1) R CH, CH, CH,R' -* RCH, t CHJR'^ C 

(2) RCH, (CH.), CH,R'-*-RCH-CH,-4-CH,-CHR'fH, 

(3) R CH, CH, CH,R' -♦ RCH-CH, <-CH,R' 

Sachanen and Tclicheyev [31, 1929] show that the rupture 
takes place exclusively according to the third reaction The 
absence of carbon in the primary reaction products 
definitely excludes (1), and any hydrogen formed does not 
occur according to (2), but from dehydrogenation 

The primary reaction products have been established, 
especially for the lower members of the senes For 
example; m the cracking of ethane only two primary pro- 
ducts have been identified so far, i e ethylene and hydro- 
gen, which are formed according to the reaction 
C.H, - 1 . C.H,-|-H, 

The known primary products of propane are propylene, 
ethylene, methane, and hydrogen which arc formed accord- 
mg to the following reactions 

(1) C,H,->c,H.-t-H, 

(2) C,H, C,H 4 -|-CH. 

Normal butane forms butylene, propylene, ethane, ethy- 
lene, methane, and hydrogen as primary products 

(1) C 4 H,, C.H,+H, 

(2) C4H.,->C,H,+CH4 

(3) C4H„-^.C,H4-t-C.H, 

As the senes ascends the number of possible mitial 
reaction products increase making it more and more diffi- 
cult to distinguish primary reactions The extent to which 
any of these reactions occur is largely dependent on 
temperature and the extent of dissociation This is illus- 
trated m Figs 1 to 4, where cracking data for butane and 
isobutane, as typical examples, have been assembled 
Fig 1 from the data of Neuhaus and Marek [24, 1932], 
and Fig 2 from the data of Pease [26, 1930], represent the 
change in the composition of the reaction products with 
change m extent of decomposition and temperature, 
respectively Fig 3 from the data of Marek and Neuhaus 
[23, 1933], and Fig 4 from data of Hurd and Spence [20, 
1929], illustrate the effect of the same varubles on the 
cracking of isobutane 



PERCENT OF N- BUTANE REACTING 
Fig 1 Cracking of n-butane at 650° C 
The olefines formed are capable of existing in their 
various isomcrit forms For example, m the case of buty- 
lene It has been shown that there is an equilibrium between 
1 and 2 butylene and that the latter occurs in both the cis 
and trans form [11, 1933] In the rupture of the carbon- 
to-carbon bond It IS quite probable that the olefine has the 
double bond m the alpha position first Further activation 
brings about a migration at least to the beta position to 
satisfy equilibrium conditions 
By the use of hydrogen active catalysts, equilibrium con- 
stants for the dehydrogenation of some of the simpler 
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paraffins have been obtained [12, 1933], at vanous tempera- 
tures from which it is seen that Ae extent of the C-H bond 
dissociation tends to mcrease with temperature Particularly 
the branched paraffins with a tertiary carbon lose hydrogen 
very readily Actually, however, m cracking, olefine forma- 
tion by dehydrogenation ceases to be an important factor 
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as the molecular weight increases, practically all of the 
decomposition occumng throu^ the rupture of the carbon- 
to-carbon bonds 

The point of the rupture for normal paraffins in general 
seems to follow the law of chance with all of the theoreu- 
cdly possible complementary paraffins and olefines bemg 
found in the reaction products On the other hand, there 
1 $ evidence in the case of the higher paraffins of the central 
carbon bonds being the most susceptible towards splittmg 
[29] Thus It has been shown that at lower temperatures 
hexadecane forms octane and octene with practically no 
gas formation At higher temperatures, however, the reac- 
tion products tend to become more complex [IS, 1924] 
The same general rule seems to hold true for branched 
paraffins where any of the carbon bonds of a primary, 
secondary, or tertiary carbon may break 

Besides recracking, polymerization of the olefines formed 
becomes an important secondary reaction m the pyrolysis 
of paraffins, especially at higher temperatures and pressures 
At high temperature the liquid end products are predo- 
mmantly cyclic For a more extensive discussion of the 
decomposition of paraffinic hydrocarbons the reader is 
referred to a detailed literature survey by Egloff and co- 
workers [7, 1930], and a recent review by Frey [10, 1934] 

Pyrolysis of Olefines 

Although the occurrence of olefines in crude oils is 
msignificant, nevertheless they play a most important role 
in cracking, since they are formed as one of the chief pro- 
ducts of the primary reactions of paraffins and alkylated 
cyclics Olefines are in general more resistant to heat than 
the corresponding paraffins, although certain exceptions to 
this rule have been observed [18, 1934] Allene, di-alkyl, 
and 4-methyl 1-pentene, for example, decompose at appre- 
aably lower temperatures than the corresponding paraffins 
Like the paraffins, the stability of olefines decreases with 
increasmg molecular weight 

Olefines may dehydrogenate to produce diolefines Very 
httle IS known of the kinetics of this reaction even for the 
simple olefines, but it can be assumed to parallel the paraffin 
to olefine step in the range of correspondmg molecular 
weight As in the case of the paraffins, dehydrogenation 
of the olefines m comparison with the carbon-to-carbon 
rupture becomes less probable as the molecular weight 
increases 

When an olefine undergoes carbon-to-carbon rupture, 
two courses are possible, with the formation of either a 
paraffin and a diolefine or two olefines, as for example 

RCH, CH, CH,CH-CHR'->RCH.+CH.=CH CH=CHR' 

RCH, CH, CH,CH-CHR' RCH-CH,-t CH.CH-CHR' 
The indications are, at least for the lower cracking tempera- 
tures, that the formaUon of two olefines is the predominat- 
ing reaction 

The most unportant role played by olefines in pyrolysis 
IS their ability to polymenze into both cyches and hi^er 
molecular weight olefines It was early considered [1, 
1866, 2, 1867] that cyclics are chiefly formed through the 
polymerization of three mols of acetylene The evidence 
that this reaction occurs at the higher temperature levels, 
where appreciable quantities of acetylene are formed, 
appears to be plausible, but some other explanation is 
required for extensive cyclization at lower temperatures, 
where acetylene formaUon is neghgible 

Recent facts [4, 1918, 5, 1934, 32, 1931] pomt to cychza- 
uon through the olefines Schneider and Frohch [32, 1931], 
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have showD that at 725° C. and i of an atmosphere pres- 
sure, the mam product obtamed on cracking ethylene is 
butadiene Reference to Fig. 5 will show that approxi- 
mately 36 mols of butadiene and 41 mols of hydrogen 
(amountmg to about 72% of the ethylene reacting) are 
formed as mitial products The fact that butadiene appears 



Fio S Pyrolysis of ethylene at 72S‘ C and 1 atmospheric pressure 


as a primary reaction product and m quantities about 14 
times as large as butylene point to its formation from 2 
mols of ethylene with the elimination of 1 mol of hydrogen 
2C,H4-C,H.+H, 

as proposed by Davidson [4, 1918] Dunstan, Hague, and 
Wheeler [5, 1934], on the other hand, show from their 
experiments where appreciable butylene is formed (pro- 
bably due to different temperature levels) m the reaction 
product from the crackmg of ethylene that the apparent 
mechanism is first polymerization to butylene followed by 
dehydrogenation 

The formation of cyclics from butadiene proceeds by 
further polymerization with the olefine, apparently by the 
foUowmg mechanism 

CH,=CH— CH=CH, + CH,=CH, 



from which aromatics are produced by dehydrogenaUtm 
As will be seen later, this tendency to cyclize is one of the 
important factors m tar and coke formation. 

The other type of polymenzaUon occurring may be 
represented, for example, by the formation of a branched 
olefine from two simpler olefines as illustrated by 
2RCH=CHR' -► RCH.CH,R' 

RoicHR' 

More complex changes m structure, however, usually 
occur Whitmore [35, 1932, 36, 1934] recently proposed a 
general theory based on the octet theory which agrees with 
expenmental facts at least for polymerization of olefines 
by catalysts contammg H ions The first step involves the 
addition of a hydrogen ion to the extra electron pair m 
the double bond, leaving one carbon with only 6 electrons 
This structure can then undergo changes which are 
charactensUc for an atom with a deficiency of electrons, 
among which is polymenzaUon This mvolves the addiUon 
of the posibve orgamc fragment to another molecule of 
olefine The result is a larger fragment which can either 
unite with an additional olefine or lose a proton to give an 
olefine molecule after rearrangement 
Table I contains a summary of the decomposiUon pro- 
ducts of some of the simpler olefines as given by Hurd 
[18, 1934] 

Pyrolysis of Cydo-parafiBns and Cyclo-olefines 
In addiUon to the so-called naphthenes and unsaturated 
Qrclo-compounds there are included m this group the same 
Q«lo-compounds with aliphaUc side chams The thermal 
stabihty of the alkylated cyclics, however, is usually deter- 
mmed by the stability of the side chams, which are generally 
much less stable thu the nngs 
The pyrolytic behaviour of the unsubstituted cyclics is 
not well known owing to their relaUvely high heat sUbihty 
When decomposition does take place at the higher tempera- 
tures where opening of the ring can occur, the primary 
products formed are so much less stable than the parent 
compound that dismtegration to hydrogen, methane, and 
complex carbonaceous matenals immediately follows Con- 
sequently these reacUons become highly complex and are 
associate with excessive coke formation For this reason 
most of the studies of the behaviour of cyclics have been 
earned out with the aid of catalysts and the mformaUon 
thus obuined does not always apply to heat effects alone 
Egloff and co-workers have pubhshed a comprehensive 
hterature survey covermg this class of compounds [8, 1931] 

It IS apparent from their summary that the followmg reac- 
tions can occur 

(1) Carbon-to-carbon rupture, resultmg in openmg of the 
nng 


Table I 

Moh of Major Gaseous Products from 100 Mols of Decomposed Olefine at 650'' C 


1 

Olefine 

Contact 

time. 

extent 

of 

decomposition \ 

C,H«+2 

H, 

Smaller 

olefines 

C,H. 


Liquids 
’/obywt 
of olefine 
decomposed 

Ethylene 

350-450 

26 

24 

10 


13 



Propylene 

30 

16 

42 

83 

31 

3 


20-3 

Isobutylene 

27 

33 

47 

is 

20 

33 


40 

l-butoie 

H 

37 

44 

37 

/33(C.H.1 

1 16(C,H. 1 


20 

30 

2-buteiie 

13 

44 

2S 

55 

1 4(C,H. I 


25 

30 
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(2) Hydrogenation and dehydrogenation. 

(3) Polymoization and depolymenzauon. 

(4) Isomerization 

A consideration of the three to eight carbon nuclear 
rings shows that the stabilities of compounds of each type 
are widely dissimilar and that reactions common to one rmg 
will not take place in another 
Cyclopropane, cyclobutane, cycloheptane, and cydo* 
octane will undergo a splitting of the carbon bonds 
Strangely enough, the stability increases with the number of 
carbon atoms m the ring 

cyclohexane dehydrogenates at lower temperatures than 
are required for nng splitting However, production of 
aromatics cannot m general be said to take place pnmanly 
by simple dehydrogenation in the absence of catalytic 
effects 

Cyclopentane is highly resistant both as to nng sphttmg 
and dehydrogenation in accordance with the claims that 
the naphthenes present in cracked naphtha arc mamly S 
carbon nuclear [31, 1929] 

The mam reacUon product of cyclopropane has been 
found to be propylene Cydoheptane produces methyl 
cyclohexane Cyclo-octane goes to bicyclo-octane and 
cyclohexane produces cyclohexene which m turn de- 
hydrogenates to benzol or sphts to form butadiene and 
ethylene 

Unsaturated ring compounds, as for example cyclo- 
pentadienc, are analogous with chain compounds contam- 
mg the same type of unsaturation The conjugated doubly 
unsaturated cyclics readily polymerize 

Pyrolysis of Aromatic Hydrocarbons 
The nucleus of aromatic hydrocarbons is considered to 
be stable in the temperature range covered by commercial 
crackmg, since excessive temperatures arc required for the 
nng to open m the absence of a catalyst The stabihues of 
subsUtuted aromaucs, on the other hand, are dependent on 
the relaUve stabilities of the side chams, which may be 
olefimc or paraflimc in character Egloff and Moore [6, 
1917] studied the decomposition of an aromatic base oil 
contaiiung about 70% xylene and 30% higher alkylated 
benzenes at a temperature of 300 to 800° C and 11 atm 
pressure. The trend of decomposiUon was shown to be m 
the foUowmg order 
Higher alkylated benzenes 
Lower alkylated benzenes 
Toluene 
Benzene 

Mechanism of the C-C Rupture 
So far m this discussion cracking reactions have been 
considered statistically without consideration of the actual 
mechamsms involved Several theories have been advanced 
m an attempt to visualize how the carbon-to-carbon rupture 
takes place and at the same time quantitaUvely account for 
the vanous reacuon products If the sphttmg of a parafiSn 
mto an olefine and a complementary paraffin is conadered 
as a primary step, then the hydrogen bound to the beta 
carbon of one of the fragments must nugrate to the alpha 
carbon of the other fragment, thus. 



«4uch does not appear plausible 


The search to overcome this difiSculty has led to die 
devdopment of a number of theories which, althoujdi 
applicable to much of the existmg data, are still considered 
incomplete and subject to further proof Some of these will 
be bri^ outlmed 

Burk has postulated a partial lomzabon process m which 
one radical may transfer its allegiance to another [3, 1931] 
The Polanyi-Wagner equation for ummolecular veloaty 

constants ^K— modified to be appropriate 

for the thermal decomposition of straight chain paraflSns 
where it was shown to fit existmg data for low conversions 
Kassel [21, 1933] considers it possible to give a nearly 
complete account of decomposiUon m terms of 1-1, 1-2, 
and 1-4 unsaturation, although the data on the kmeUcs of 
decomposition are sUH insufficiently complete to prove or 
disprove this assumption This theory accounts for the 
formation of more than two products m a primary de- 
composition without the assumption of free radicals 
Rice has developed crackmg by the intermediate forma- 
tion of free radicals mto a worl^g theory He assumes 
that when a hydrocarbon decomposes it dissociates mto 
two free radicals which react with the surroundmg hydro- 
carbon molecules, thereby miUating a cham reacUon m 
which methyl, ethyl, and hydrogen act as the earners 
Larger radicals are assumed to decompose to yield one or 
more molecules of an olefine and either a methyl group, an 
ethyl group, or atomic hydrogen If the relative chances 
of reaction of prunary, secondary, and teruary hydrogen 
atoms are 1 2 10 respectively, the decomposiUon pro- 
ducts of all paraffin hydrocarbons can be calculated quanti- 
taUvely [27, 1931 , 28, 1932] Normal butane, for example, 
IS considered to decompose accordmg to the foUowmg 
scheme 

A CH,CH,CH,CH,-»-CH,— +CH,CH.CHr- 
A CH,CH,CH,CH,-*-2CH,CH,— 

Si CH,CH,CHr--*-CH,-CH,+CH,— 

^’jsame as Ai and A, where R-CH CH CH 

Ai CH,CH,CH,CH,+R— -)■ RH+CH,CH,CH,CH, ► 

- CH,CHr- Ai 
RHH CH.=CH,+ CH,CHr- C 

A’{ 

A, CH,CH,CH.CH,+R->RH+CH.CH(CH,CH0— -»- 
RH +CH,CH-.CH,+ CHr- 
R-CHr-, CH,CH»-, H 

Pi and Pi represent the prunary reacUons, Si, St, and S, 
represent the secondary reacUons and Ai and At the cham 
mechanisms Table 11 [27, 1931] illustrates the agreement 
between experimental and calculated results 

Variables affectiiig Pyrolysis 
Since the conteolling factors in a crackmg operaUon have 
been found to be reacUon rate and equihbrium phenomena 
It IS important to know the efiea of tune, temperature, and 
pressure on these factors 

Withm narrow hmits, tune and temperature are prac- 
tically mterchangeable, t e a longer Ume at a lower tem- 
perature will bung about the same overall result as a higher 
temperature and a conespondmgly shorter tune Con- 
siderably beyond these limits there is a lower temperature 
where the hydrocarbon is stable and a higher temperature 
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region where the reaction cannot be controlled, no matter are concerned, because free energy relationships are sudi 

how short the contact time Temperature in flue nces the that acetylene apparently is not formed to any appreciable 

course of the primary decomposition to some extent extent at the temperatures involved 

For example, increase m temperature increases the olefine Such thermodynamic considerations lead to the im- 
content of the pnmary products (low pressure), but the portant conclusion that, with the temperatures employed 

mam eflTect of temperature is its mfluence on reaction in practice, the crackmg of a hydrocarbon mto smaller 

velocity hydrocarbons is essentially a non-reversible process On 

Pressure should have little effect on reaction velocity the other hand, reactions involving liberation of hydrogen 

since the overall cracking reactions calculate as if of by simple dehydrogenation are reversible 
the first order Very high pressures, on the other hand. While free energy relationships determme whether a 
probably lower reaction rate as indicated by the work of certain type of reaction is possible, those reactions which 

Table U 

Deconq>ositton of n-Butane 

Upper part Pease and Dingan’s Results Loner part Calculated 
Temp,°C I Decomp % CH,"i | H,% CtH,% C,H.% 

600 18 5 33 5 ] 45 11 

625 22 0 31 0 I 5 0 13 

650 26 0 30 0 6 0 12 

550 5-10 29 0 I 210 210 

600 5-10 28 5 21 5 21 5 

650 5-10 28 0 ! 22 0 22 0 

The relative amounts of H, and C,H, cannot be predicted The figures for QH, and C,H, have been calculated assuming that reacUon Ai 
18 negligible The products will contain a small amount of propane produced by 8% and S, 


51 

51 

52 

; 29 0 

28 5 
28 0 


Huge! and Artichevitch [17, 1928] It does, however, per* 
nut the use of higher temperatures by virtue of raising the 
boiling-pomt, when liquid- or mixed-phase cracking is 
desired, and thus mdirectly aids in increasing reaction 
velooty Pressure greatly influences the composition of the 
products of cracking Where low pressures favour a high 
gas- to hquid-product ratio, high pressures tend to depress 
gas formation This is due m part to inducing polymeriza- 
tion of the gaseous olefines 

These variables will be discussed in greater detail in con- 
nexion with gas-oil cracking 

PjTolysis of Hydrocarbon Mixtures (Gas-oil Cracking) 

In the crackmg of petroleum where any or all of the 
various classes of hydrocarbons previously mentioned are 
present, the situation is quite different from cracking 
isolated members of each series Here the course of crack- 
mg IS governed m general by the relative stability of the 
vanous constituents, their reaction rates and equilibnum 
phenomena 

Examination of the thermodynamic stability of hydro- 
carbons as expressed by their free energy of formation from 
the elements shows that all petroleum hydrocarbons with 
the exception of methane and possibly ethane are poten- 
tially unstable at temperatures above 200° C At the lower 
temperatures up to approximately 300“ C , however, the 
reaction rates are so slow that no perceptible decomposition 
takes place, even in the case of the most imstable molecules 
As the temperature increases, the hydrocarbons, with the 
exception of acetylene, become more and more unstable, 
each senes havmg different temperature coeffiaoits The 
stabihty of acetylene, on the other hand, mcreases with 
tonperature Paraffin and polymetbylene are more stable 
at the lower temperatures, while aromatics are more stable 
at the higher temperatures Above 600° C no hydrocarbon 
other than acetylene is thermodynamically stable witii 
respect to the elements [25, 1932]. 

The fact that the stability of acetylene mcreases with 
temperature, howev^, is considered to be of httle un- 
portance as far as most of the present crackmg processes 


do take place in cracking of a complex mixture of hydro- 
carbons are largely governed by relative reaction rates In 
general, it has been found that in the temperature range 
400 to 600° C (covering most commercial liquid- and 
vapour-phase cracking processes) the various classes of 
hydrocarbons previously discussed separately may be listed 
as follows m the order of increasing stability This com- 
parison IS based on representative compounds of equal 
molecular weight 

(1) Paraffins (chains) 

(2) Olefines C.H,„ 

(3) Diolefines CnH,,-, 

(4) Naphthenes 

(6 carbon nuclear) CaH,,. 

(rings and condensed nngs) 

(5) Naphthenes 

(5 carbon nuclear) C,H„, 

(rings and condensed nngs) 

(6) Aromatics C.H„, (nngs) 

The Stability of the higher members of any given senes, 
with the exception of the naphthenes, increases with 
decreasing ratio of hydrogen to carbon m the molecule 
Furthermore, it is a general rule that side chams are some- 
what more stable than the ends of straight chams 

The relative order of stability just outlmed refers stnctly 
to the temperature range specified At higher temperatures, 
600 to 700° C or perhaps even lower, diolefines become 
more stable than naphthenes Thus it is possible by crack- 
mg at such high temperatures to convert naphthenes mto 
diolefines which m turn give aromatics by subsequent 
polymenzation and liberation of hydrogen [14, 1930] 

The vanation of reaction velocity constants with tem- 
perature are shown m Fig 6 as assembled by Geniesse 
and Reuter [16, 1932], for a typical gas oil, several naphthas, 
and a few pure hydrocarbons The curves show the rates 
of decomposition to increase as the molecular weight 
mcreases 

As the temperature of these complex hydrocarbon mix- 
tures is increased m the ctackmg process, noticeable de- 



THE THEORY OF CRACKING 


composition usually begins to occur at temperatures above 
300° C This pomt of incipient ciackmg, however, is 
dependent not only upon the temperature but also upon 
the nature of the most unstable hydrocarbons present m 
the charge stock Beyond this pomt reaction rate doubles 
for an mcrement of 14° C at 450° C , and gradually falls 
off to an mcrement of 21° C at 600° C [16, 1932] 
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to consist of highly condensed hydrocarbons Mechanisms 
which will explain the formation of each type are conse- 
quently widely different The fact of the matter is that a 
considerable portion of the so-called coke is chloroform 
and naphtha soluble and therefore cannot consist of ele- 
mentary carbon In line with the mechanism discussed m 
this article, coke formation is largely the result of progres- 



Fio 6 Variation of reaction-velocity constant with temperature 


According to the relative stabihty of the hydrocarbons, 
it IS therefore apparent that ahphatic hydrocarbons break 
first, followed by the other types as the temperature is 
mcreased, by the vanous reacUons previously outlined As 
the temperature mcreases above 700° C more or less com- 
plete break-down occurs, characterized by excessive forma- 
tion of coke and hydrogen Acetylene begms to appear at 
this stage 

The nature of petroleum coke and the mechanism of its 
formation are not well understood, as evidenced the 
widely different viewpomts Ononehand,itisbehevedthat 
coke 18 mamly made up of free carbon, while on the other 


sive cracking, polymerization, and condensation reactions 
leading through tar to a more and more complex product 
of decreasing hydrogen content 
The olefines resulting from the primary reactions, par- 
ticularly those of higher molecular weight, polymenze 
readily and in this way there are produced new compounds 
whose molecular weight tends to exceed that of the original 
stock It IS important to note, however, that the un- 
saturated molecules possess less hydrogen on a carbon 
atom basis than the original hydrocarbons from which 
they are formed and consequently the same holds for 
the polymerization product On prolonged exposure to 
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high temperature the polymerized nmtenal undergoes 
recrackmg with the formation of new unsaturated com- 
pounds which give nse to further polymerization 

Progressive reactions of this type, along with condensa- 
tions of the ring compounds, lead to the formation of more 
and more complex compounds of decreasing hydrogen-to- 
carbon rabo and with this decrease the material becomes 
more refractory, i e resistant to temperature The final 
products are therefore 

(1) Gaseous and low-boiling liquid compounds, relatively 
high in hydrogen 

(2) Liquid reaction products of higher molecular weight, 
tar, and petroleum coke, possessmg a low ratio of 
hydrogen to carbon 



PROGRESSION THROUGH CRACKING COIL 

Fio 7 Degree of cracking as a funcbon of tune of contact 

This IS illustrated m a quahtative way by Fig 7 [33, 

1929], which shows the changes taking place as the cracking 


Hence it is seen that the complete cracking process is a 
sequence of decomposition and polymenzaUon reacUons, 
the character of the final products bemg detemuned by the 
nature of the hydrocarbons present in die original charging 
stock, by the temperature and pressure of the operaUon as 
well as the time of exposure to crackmg conditions 
Polymerization is a bimolecular reaction and its rate 
therefore is, under parallel condiUons, proportional to the 
square of die pressure The rate of polymerization also 
mcreases with temperature but apparently much less rapidly 
than the rate of simple molecular break-down If the 
temperature is high and pressure low, there is a tendency 
for polymerization to take place with simultaneous hbera- 
tion of hydrogen By increasmg the pressure, however, the 
hydrogen evoluUon is counteracted 
This effect of pressure has been demonstrated with ethy- 
lene and propylene At atmospheric pressure a large 
amount of hydrogen is evolved and benzene is found m 
appreciable quanUties together with other higfa-boiling 
materials There is htde evidence of the formation of non- 
aromatic products If the pressure is increased gradually 
wlule the temperature is kept constant, hydrogen formation 
decreases with a simultaneous decrease m the aromatic 
character of the products, until at a pressure of several 
thousand pounds the hquid material formed is decidedly 
Don-aromatic, even when the temperature is maintamed as 
high as 600° C [13, 1931] 


Vapour-phase, Uquld-phase, and Mixed-phase 
Cracking 

Petroleum hydrocarbons may be cracked either in the 
vapour phase or in the hquid phase Vapour-phase pro- 
cesses usually are operated at temperatures of the order of 
600° C at atmospheric pressure or somewhat above In 
the so-called liquid-phase cracking the pressures range from 
a few hundred pounds to 1,000 lb per sq m At tempera- 
tures of from 400 to 500° C . McKee has shown that m this 
temperature range [22, 1928], the bulk of the naphtha 
hydrocarbons formed are above the cribcal temperature 
and that m most cases mixed-phase crackmg results At 
the higher pressures, however, true liquid-phase crackmg 
IS approached due to a solution of the lighter ends m the 
liquefied heavier ends As 
the temperature is raised the 
pressure must also be m- 
creased m order to accomplish 
this Most of the so-called 
liquid-phase processes, how- 
ever, are operated at pressures 
not sufficiently high to prevent 
a substantial portion of the 
cracked products from accu- 
mulating as vapour 
The properties of petroleum 
hydrocarbons discussed m 
previous sections leads to 
the obvious conclusion that 
vapour-phase cracking, 
operated at low pressure and 
short tune of contact, does 
not particularly favour poly- 
merization and reorackmg 
with resultmg coke formauon 
This IS illustrated by the fact that both gaseous and hquid 
products from vapour-phase crackmg may contam as much 
as 50% or more of unsaturated compounds 
As the pressure on the crackmg umt goes up, coke forma- 
tion mcreases, at first rapidly, then more slowly until coke 
formation passes throu^ a maximum and then decreases 
with further nse m pressure This pccuhar result may be 
explained when it is considered that with rising pressure 
there is a gradual change from a true vapour-phase system 
into one containing mcreasmg quantities of hquid As has 
been mentioned, polymerization is a bunolecular reaction. 
Its rate mcreasmg theoretically with the square of the 
partial pressure of the unsaturated compound and there- 
fore m the beginmng approximately with the square of the 
total pressure m the system With contmual increase m 
pressure the cracked products will be condensed and dis- 
solved m the hqmd phase m mcreasmg quantities. In this 
way the highly unsaturated compounds of medium and 
hil^r molecular weight, which are theones that polymerize 
most readily, are kept out of the vapour phase and ronam 
m the hqmd phase where dilubon with the cracking stock 
slows down the rate of polymerization, the net result being a 
tendency to conserve the lower molecular weight products 
With rising pressure the progressive polymerization and 
recrackmg reactions, which according to the previous dis- 
cussion lead to products of gradually decreasmg hydrogen- 
to-carbon rauo and eventually to the formaUon of petro- 
leum coke, are therefore at first accelerated, but the extent 
to whidi t^ lead to the production of coke passes through 
a maximum and finally decreases. 
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The effects of changes of conversion per pass, tempera* 
ture, and pressure are illustrated by Table III from the 
work reported by Sydnor [34, 1934] These data substan* 
tiate the above cocdusion that while there is mcrease m 
polymenzation at the higher pressure, the result is more fuel 
oil and less coke Higher gasohne yields are obtamed at 


In order to control polymerization and recrackmg m the 
liquid-phase process, it is best from a chemical standpomt 
to reduce the time factor by removmg the products after 
the reaction has progressed to a reasonable extent The 
residuum after this operation, which has a lower hydrogen- 
carbon ratio and hence is more refractory, should be sub- 


TAm^ni 

Ultimate Yields secured by Cracking a 33 7^ API Mid-Contment Gas Oil [34] 

(All gasoline yields and volatlliies calculated to a 100% butane recovery basis ) 


Pressure, lb per sq in 
Temperature (soaker), ° F 
Conversion per pass 
Gasoline (400° F end-point), % v( 
Fuel oil (12“ API). %vol 
Gas, % by wt 
Coke, % by wt 
Recovery, % by wt 


Gasobne (400° F end-point), % by I 


These data represent complete decomposition of the cycle gas 



gasoline, fuel oil, coke, and gas in 


the lower pressure Increase m temperature at constant 
conversion per pass and pressure results m a decrease m the 
ultimate yield of gasohne due to mcreased gas formation. 

Because of the high temperature and low pressure em- 
ployed, the vapour-phase product is nch m aromatics 
Hi^ conversion to gas is also experienced In comparison 
the yield of unsaturates and the gas loss for a given charge 
stock ordinarily are low when the crackmg process is 
operated m the hquid phase 


jected to more vigorous conditions than the onginal stock. 
In practice, however, the residue is recycled, due to the 
mechanical ease of such a procedure The mcreased forma- 
tion of aromatics resulting from higher temperature crack- 
mg IS desirable because it reduces the knockmg tendency 
of gasoline With excess production of aromatics, however, 
the gasoline yield decreases materially, becommg less and 
less with nsmg temperature, while coke and gas formation 
mcreases. 
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COMBINATION CRACKING UNITS 

By GEORGE ARMISTEAD, Jr. 

Chemical Engineer of Process Management Company, Inc 


Prominent among the recent developments in refimng 
practice has been the trend towards the close association 
of cracking with a variety of other operations Out of 
this trend the individual type of unit operation termed 
‘Combination’ has been evolved The Combination Pro- 
cess IS appearing with increasing frequency m current 
construction Its advent is of general significance in mark- 
ing a definite departure from the long-practised segregation 
of the individual cracking and distillation operations 

The term ‘Combination’ is applied to the association 
of such functions as mitial distillation of crude, viscosity 
breaking, and naphtha reforming, with the mam cracking 
operation, in self-contained systems Usually it involves 
also the production of ultimate yields of final products 
The refiner thus has available the facilities for carrying out 
the processmg of crude oil to completion, including crack- 
ing, m one operation The advantages are the conservation 
of waste heat from the cracking system, reduced labour and 
mvestment requirements per umt of fresh feed capacity, the 
reduced handhng of mtermediate products, and maximum 
yields of high anti-knock gasoline The importance of 
these, both in the erection of completely new plants, and 
in supplementing existing capacity, explains the mcreasmg 
adoption of combination operations by the industry 

While the advantage of associating other functions with 
crackmg has long been recognized, the prevaihng methods 
and the lack of knowledge of fundamentals were factors 
of restriction for many years These limiting conditions 
lestnctcd the combinations to elementary forms such as 
effecting crude topping, steam generation, and similar 
operations, with the waste heat of cracking systems Indeed, 
the long-existing size hmitations of cracking systems and 
the lack of precise design data practically excluded more 
advanced combinations, and favmired complete separation 
of mdividual operations 

The responsibility for the evolution of present-day 
Combination Units may be attrilfutcd to the research which 
has been diligently pursued by refiners and engmeering 
firms in the industiy In addition to means of applying 
laboratory results precisely to equipment of commercial 
size, the research and development work has yielded funda- 
mental operation and design data which were invaluable 
For the complex combination systems this satisfied an 
important requirement, by increasing the degree to which 
prease design could furnish adequate capacity and flcxi- 
biLty of interrelated parts, without resort to the use of 
mordmate safety factors 

The design of each umt is a separate problem defined by 
the processmg requirements and the raw stock Accordingly, 
It has been indispensable that optimum operatmg methods 
and design, developed on laboratory or semi-plant scale 
eqmpment, be apphcable with accuracy to the commercial 
design To this end, the research has embraced the field 
from development of fundamentals to extensive correla- 
tions of the small-scale and plant eqmpment The results 
achieved are reflected m the commercial installations, now 
in use, whose actual performance has duplicated withm 
almost negligible limits the performance for which they 


were designed Finally, the flexibility necessary for opti- 
mum operation has bron secured, without material over- 
capacity of individual parts 

Consideration of representative types of combination 
operation is properly introduced by an example of one of 
the simpler forms, designed for the handling of reduced 
crude A diagram of this type of mstallation is presented 
m Fig 1 Generally, the operations comprise primary 
crackmg, vapour-phase cracking, fuel-oil flashing, and 
naphtha stabilization 

Fresh reduced crude feed is introduced to the fuel flash 
tower to be preheated with hot flashed vapours, and is 
collected on a trap-tray, with included heavy condensate, 
to be passed through the primary cracking section of the 
heater which discharges into the high-pressure evaporator 
The feed for the vapour-phase section of the heater is taken 
from the base of the bubble tower, the boiling range of this 
stock being regulated by the temperature of the evaporator 
top, so as to exclude high-boilmg fractions unsuitable for 
the vapour-phase temperatures After passmg through its 
section of the heater, and attaming a temperature of about 
960“ F , the vapour-phase cracked stream emerges to join 
the discharge from the primary cracking coil and enter the 
evaporator The composite fuel oil in the evaporator, under 
about 200 lb pressure, is released to the fuel oil flash-tower, 
under low pressure, where it is reduced down to the desired 
viscosity and the evolved cycle stock vapours are returned 
to the cracking system The stabilizer operates as an 
mtegral part of the system, using recycle gas oil reflux as the 
source of heat 

It will be noted that the heater is of the dual combustion 
chamber type, separate radiant sections being provided for 
the two streams, to facilitate control of radiant-heat absorp- 
tion, although both arc served by a common convection 
zone This arrangement affords the flexibility of two indi- 
vidual furnaces, yet permits the advantageous use of the 
convection surface and confines the total surface within a 
single setting 

Results of Cracking 

Mid-Contmint Reduced Crude, 23 2" API . comprising 60-65% 
of Original Crude 
Yields 

% 

Gasoline 42 31 

Fuel oil 49 03 

Gas and loss 8 66 

Total 100-00 

Producls 

I Oasoline j Fuel oil 

End-pomt, “ F | 400 

Ocuneno CFR— M 70 

Viscosity at 122“ F (Furol) I 196 

B5 &W (%) I 0 24 

The operatmg results of this installation on a reduced 
crude may be illustrated by the above data, typical of 
approxunately 300 hrs of operation. 
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While representing the desirable plant operating condi- ready for incorporation in the finished gasohne, and the 

tions, these results do not define the range generally latter to be subjected to reformmg In the unit shown m 

charactenstic of the operation The operation is effective Fig 3, provision is made for the additional separation of a 

on a reduced crude, or similar residual stock, by virtue of kerosine cut in the crude distillation The reduced crude 

the combined fuel-oil flashmg and primary cracking steps, remaining from this pre-distillation is preheated by contact 

and m a more or less recognizable form it appears in other with hot vapours in the fuel-oil flash tower, but Figs 2 

systems and 3 show different methods of its subsequent handling 

More complex forms of the combination umts, as em- Ihe umt m Fig 2 further preheats and distds the reduced 

DUB6Lt 



Fic 1 Combinabon unit employing vapour-phase cracking and viscosity-breaking for residual stocks 


ployed for runiung crude to ultimate products, are shown 
m Figs 2 and 3 These units represent the advantageous 
association of crude topping, primary cracking, vapour- 
phase cracking, fuel-oil fiashmg, naphtha reforming, clay 
treatmg, and naphtha stabilization From crude oil charge, 
they produce a stabilized gasoline of low gum content and of 
the desired anti-knock rating, fuel oil, and gas, directly from 
the system Light fuel or furnace oils may also be trapped 
out Erectly if desued The compactness of the equipment 
serving these functions permits very large quantities of 
crude to be accommodated without excessive size, whidi is 
reflected m outstanding degree m the processing of 20,000 
bbl of crude to completion, daily, by one of these units 
The advantage realized through the elunmation of handling 
of intermediate products is obvious 
From the diagrams, it will be noted that the crude oil 
feed, after preheatmg with waste heat, is flashed to separate 
light and hmvy straight-run naphtha cuts, the former being 


crude, by introduction to the high-pressure evaporator 
pnor to primary cracking The other unit, however, passes 
the reduced crude direct from the fuel-oil flash tower 
through the primary crackmg coil, and back into the 
fuel-oil flash tower, thereby favourmg segregation of the 
cracked and virgin stocks 

These units employ a redistilled cuculation system, for 
the vapour-phase crackmg, similar to the one observed in 
the installaUon in Fig 1 In both cases the circulabng 
stock IS carefully controlled in boiling range for suitabihty 
for the vapour-phase temperature employed, and it is 
made up of fractions distilling over into the bubble tower, 
from the evaporator, along with an amount of similar 
quality condensate from the fuel-oil flashmg operation In 
passmg through the vapour-phase crackmg coil, tempera- 
tures upward of 9S0° F are attained, and the emerging 
stream is, in one case, soaked m an insulated vessel 

The naphtha-refomung operabon is apphed to the heavy 
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straigbt-nin naphtha cut by digesting this matenal in a coil 
at temperatures over 1,000° F, and under pressures of 
500 lb and higher— the total products from this heat treat- 
ment bemg discharged into the high-pressure evaporator, 
and handled subsequently with the vapour-phase cracked 
vapours The umt in Fig 3 is provided with a withdrawal 
pomt for heavy naphtha on the cracking fractionator, 
which ponuts inclusion of this stock with the feed to the 
reforming coil The total vapours leaving the crackmg 
system comprise cracked naphtha produced in the prunary 
cracking, vapour-phase cracking, and reforming, and can 
be subjected advantageously to Gray refimng treatment 
in the vapour phase, as is shown in Fig 3 The light, 
straight-run naphtha not requirmg such treatment is 
segregated and combmed with the heavier product after 
treating 

The heating facilities employed in these more complex 
combination operations present numerous unusual fea- 
tures The heating of the three or more individual streams, 
characteristic of such operations, as well as the handling of 
extiaordmarily high throughputs, have favoured the use 
of the mulu-stream heaters shown m the accompanymg 
figures This trend has earned with it the necessity of pre- 
cise design, as well as umque arrangements to preclude 
limiUng interference between individual streams or the 
necessity for large over design in securmg a practical degree 
of flexibihty 

Fig 2 will be seen to present an individual heater for 
pnmary cracking, and another for naphtha reforming and 
vapour-phase crackmg together In the case of the latter, 
the two radiant sections serve similar functions in vapour- 
phase crackmg parallel streams The vapour-phase feed to 
this heater amounts to more than 1,300 bbl per hr In 
Fig 3 the unit utilizes a single heater only, whose duties 
comprise the heating of the four separate streams required 
by the operation It will be observed that the separate 
radiant sections serve separate functions, while still others 
are served by the convecUon zone 

The performance of these latter types of Combination 
Umt, smee they have been put in service, has been fully m 


accordance with their theoretical advantages The following 
representative data are typical of the results secured on the 
runningof a36-37°API Mid-Continent Crude through one 
of the larger units above described, and they illustrate the 
results obtainable commerciaUy 
Yields 

% 

Straight-nin Light Gasoline 1 S 7 

Cracked Gasoline, stabibzed SO 5 


Total Gasoline 
Fuel oil 

Fuel gas and loss 


Total 


1000 


Fuel Consumption 

Total for unit— per cent of Crude Charge 5 10% 
Products 


Grav, “API 

Viscosity at 122° F (Furol) 


Octane ni 
IBP. “I 
20% 

50% 

90% 

EP 

%Rec 


The comparatively recent advent of this type of operation 
has, m the light of its demonstrated capabilities, supphed 
the refiner with a new tool which fulfils a definite need 
Accordingly, it is to be expected that the future will witness 
an mcreased tendency towards estabhshmg the main crack- 
mg operation as the basis around which all heat treatmg 
and distillation operations will be closely centred With 
continued design proficiency, the advantages now bemg 
realized from a limited munber of combination umts 
should accrue to a greatly mcreased extent to the mdustry 
m general 



VAPOUR-PHASE CRACKING 

ByC R. WAGNER, BS,M Inst P.T. 

Chef Chemist, The Pure Oil Company 


It appears that Dalton [3] in 1809 and Faraday in 1825 
were among the first to experiment m the field of high- 
temperatuie cracking of hydrocarbons Working with the 
electric arc, they produced, among other substances, ben- 
zene, ethylene, and related compounds Silhman in 1855 
pointed out many possibilities m this field as a result of his 
classic research on petroleum In 1 862 the grand prize at the 
London Industrial Exposition was won by Breitenlohner 
with a burning oil made by hi^-temperaturc vapour-phase 
crackmg Many of the fundamental principles of high- 
temperature cracking were expounded by Berthelot [2. 
1866, 1877], Thorpe and Young [19, 1877], Nikiloroff, and 
others before the beginning of the twentieth century 

Probably the first cracking process designed to produce 
a hght motor fuel was developed m 1906 by Cowper-Colcs, 
who passed heavy hydrocarbon vapours through small 
metal tubes heated to high temperatures The next 10 years 
saw many other vapour-phase cracking processes de- 
veloped Among the most noted were those of Noad, 
Sabatier, Testelm and Renard, Lamg, Greenstreet, Lamp- 
lough, Turner, Hall, and Rittman Of these processes 
those of Hall, Greenstreet, and Rittman were employed 
commercially during the World War and for the penod 
thereafter when high gasohne pnees made them possible 
An excellent r^um6 of the hterature pertaiiung to this early 
development is to be found m Bulletin 114 of the United 
States Bureau of Mines and m an article by Lomax, Dun- 
Stan, and Thole [12, 1916] 

Apart from the troubles encountered with high gas loss, 
poor economy, and the treatmg problems mvolved in 
handlmg the ^stillate produced, these processes were 
failures because of carbon deposition If the carbon 
deposited in the heated tubes, the tubes quickly burned 
out, and, if the operator kept it out of the tubes, then it 
plugged up vapour lines and fractionating equipment 
Weaver [21] seems to have been the first to apply success- 
fully on a commercial scale an effective cure for this 
trouble He injected part of the cold charge as a fine spray 
mto the hot vapours Icavmg the cracking zone, thus stop- 
ping mstantly the cracking reaction and preventing the 
formation of carbon This pnnciple, first used in 1925 by 
the Gyro Process Company m constructing its low-pres- 
sure, high-temperature uniu, was rapidly adopted by all 
companies as a means to enable them to raise their cracking 
temperatures To-day it is universally used as a control m 
cracking to prevent secondary reactions leading to exces- 
sive gas production and coke formation after the hot oil 
has left the cracking furnace 

Although such processes as the Cross, Dubbs, Tube and 
Tank, Holmes-Manley, &c , are still popularly known as 
liquid-phase processes, they are actually operating at tem- 
peratures above the criucal pomt and mi^t therefore mote 
properly be regarded as vapour-phase processes The 
present discussion will be hmited to low-pressure, high- 
temperature processes, typical of which may be mentioned 
the Gyro [14, 1 929], deFlorez [4, 1929], and Knox [16, 1934] 
processes 

In Fig 1 IS shown a typical Gyro Process flow diagram 


The charging stock to the Gyro unit is mtroduced into the 
mam fractionating tower, where it is stripped of any gaso- 
Ime fractions Along with the recycle (partially cracked 
gas-oil fractions) the remainder of the charge is passed 
through a vaporizing (and viscosity-breakmg) section of 
the furnace and discharged into an evaporator at 75-100 lb 
pressure The bottoms from the evaporator are passed to 
a flash tower and there stripped of their gas-oil fractions 
The evaporator vapours pass through the high-temperature 
cracking coils, leaving the furnace at about 1,1(X)° F The 
reaction is checked by spraying into the vapours a hght 
side stream cut from the main fractionating tower This 
quench oil has an end-point of about 525° F and does not 
deposit carbon when completely vaporized From the 
arrester the vapours pass to the fractionating tower, al- 
though it IS desirable to interpose between the arrester and 
fractionating tower a drum where fuel-oil fractions can 
be separated from the system Vapours leaving the frac- 
Uonaung tower are handled in the conventional manner 
for the recovery of gasoline distillate and dry gas 
In Table I are given results obtained by charging 26-27 
API gravity East Texas topped crude to a typical Gyro 
urut 

Table I 

Yield', Bbl p er day % 

East Tixas topped crude 2,700 100 0 

Finished gasoline 1,026 38 0 

Fuel oil 1.142 42 3 

Gas and loss 532 19 7 

Conditions Temp , * F Press lb gauge 

Vapours out of evaporator 790 94 

Vapours out of cracking coils 1,066 31 

After quenching in arrester 716 30 

Top of fractionating tower 351 25 


Inspection Data 



In Fig 2 IS given the flow diagram of a deFlorez unit 
It will be observed that the outstanding difference between 
the Gyro and deFlorez processes hes m the method of 
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I»repanng the vapours to be cracked DeFlorez vaporizes 
and cracks in one continuous coil, thus necessitatmg the 
use of a veiy clean, relatively low-boihng charge to the 
cracking zone In the case of the Gyro process, dry hydro- 
carbon vapours are first prepared, and these are submitted 
to cracking 

In the deFlorez process the arbitrary distinction between 
the two large classes of crackmg processes, namely, hquid 
and vapour phase, is lost The operatmg conditions 
may be varied so that the type of products approaches 
more nearly the one or the other The process permits 
a wide range of temperatures and pressures, but adheres 
more nearly to the vapour phase The unit comprises a 
vertical tube-still heatmg element, a primary tower that 
embodies an expansion chamber, and a secondary tower 
that completes the separation of the gas and gasoline from 
the crackmg stock The fresh charge is introduced into 
the primary tower, commg m contact with the hot vapour 
from the heater Fuel oil is drawn off at the bottom The 
bottoms from the secondary tower containing the crackmg 
stock m the fresh feed and the recycle stock are charged 


Table H 
Venezuela Crude 



Run 25 

Run 29 

Run 35 

stream, hours 

400 

607 

719 

Temp,®F (heater outlet) 

1,071 

1,046 

1,021 

Pressure, lb 

21 

78 

78 

Charge, bbl 

19,422 

20,124 

19,804 

Charge, % 

100 0 

100 0 

1000 

Yield 




Distillate, % 

23 71 

32 02 

2610 

Straight run 

700 

600 

5 7S 

Cracked 

16 71 

26-02 

20 35 

Residuum, % 

69 07 

58 64 

62 70 

Gas. % 

6 39 

10 16 

10 60 

Inspections 




Charge, API grav 

19 2 

20 5 

19 0 

Disbllate, API grav 

54 5 

56 7 

56 6 

,. end-point, “ F 

393 

392 

364 

, colour (Saybolt) 

yellow 

-2 

+ l 

Residuum API grav 

11 2 

10 0 

99 

Viscosity (Furol) at 122“ F 

703 

297 

326 



to the heater The gasolme is taken overhead from the 
secondary tower with the gas and condensed The uncon- 
densable gas IS subjected to treatment for recovery of 
gasohne Crackmg takes place both m the tubular heater 
and in the expansion chamber, by mcreasmg the pressure, 
so-called liquid-phase conditions are approached Yields 
obtained at low and hij^ pressures on 19 2-205 API 
gravity Venezuela crude are shown m Table II 
In Fig 3 is presented a flow diagram of the Knox pro- 
cess, which uses an mcrt gas as the medium for transmittmg 
heat mto the vapours to be cracked The oil to be pro- 
cessed IS first passed through a vaporizer and mto a flaih 
drum The vapours are then superheated to a temperature 
40-50* F below that at whidi they are to be cracked A 
relatively large volume of inert gas previously heated to 
1,100" F. m a regenerative furnace or stove of the con- 
ventional blast-furnace type is mixed with the suporimated 


oil vapour in a chamber, thereby raising the mixture to the 
required cracking temperature of 980 to 1 020° F The 
mixture passes mto a reaction chamber in which the pres- 
sure IS maintamed at 50 lb Cracked vapours and gas 
are passed into a scrubber, where heavy tar or asphalt is 
separated Further separation of the products is effected 
in a rectifier in the usual manner The bottoms from the 
rectifier with the necessary fresh feed are returned to 
the vaporizer The gasohne overhead is condensed and the 
uncondensable gas treated in an oil-absoiption system for 
recovery of gasolme, and the required quantity of diy gas 
B returned to the stove to start another cycle. The process 
B characterized by a high conversion of oil m each cyde, 
which averages 32% for gas oil and b higher for it ght«>r 
charges Any charge that can be vaporized can be 
fuHy processed Yields from a variety of oils ate diown 
m Table in. 


Table ni 
Yields 
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ntduetd 

Slralghl- Mid- 

Charting nocks naphtha Keraslac Gas all crude 

oo^dio’F.EP 73 5 % y. y. y. 

Oeune Number (A STM) 87 82 67 60 

Fuel oU 4 8 20 30 

Ou 9 10 13 10 



Other vapour-phase processes have been tried out within 
the last 10 years Leatnon [11, 1927] used a catalyst de- 
posited on pumice stone Pratt [IS, 1932] employed a slight 
modification of the deFlorez operation The Clark pro- 
cess [1, 1935] cracks vapours by contactmg with freshly 
generated hot flue gases The Houdry process [13, 1933] 
uses a catalyst prepared from clay and operates at tem- 
peratures below 800° F The gasoline produced appears 
to consist largely of branched-cham parafiins of high octane 
number Aromatic nuclei present in the charging stock are 
concentrated m the recycle stock, which therefore consti- 
tutes a better charging stock for a straight thermal process 
than for return to the Houdry umt 

The products obtamed by low-pressure, high-tempera- 
ture treatment of gas oil vary markedly from those pro- 
duced at lower temperatures and higher pressures The 
distillate of gasoline boiluig range has an iodine number 
above 200, often as high as 250, and invariably possesses 
a characteristic yellow colour and marked odour The 
removal of this colour and the production of a stable motor 
fuel may be accomphshed by re-running through fuller's 
earth, or by treatmg with sulphunc acid under controlled 
condiUons followed by re-running The fuel thus produced 
has an octane number of 80-85 by the C F R research 
method and 70-73 by the C F R motor method (A S T M 
D 357-34 t) It therefore resembles the uDsaturated hydro- 
carbons very closely m its behaviour in internal-combus- 
tion engines This characteristic is not surprising when it 
IS considered that the finished motor fuel usually contains 
45-50% of olefines, less than 10% of combined paraflins 
and naphthenes, and the remamder is composed of aro- 
matics and partially hydrogenated aromatics 

Perhaps ^e most noticeable difference from other pro- 
cesses is observed m the composition of the gas produced 
at low pressure and high temperature Gas analyses from 
a variety of charging stocks are given m Table IV, some 
figures being from commercial units, others from labora- 
toiy scale equipment, and the remainder from semi-com- 
mercial size operation 

It will be noted that there is a striking uniformity in these 
analyses, particularly if allowance be made for the presence 
of gasoline fracuons present m some of the samples. 
Hague and Wheeler [9, 1929, 1934] observed that pyrolysis 
of the normal paraffins from ethane to hexane mclusive 
^ve gases of uniform composituML The same observaUon 
in coonexion with small-scale cracking of various gas oils 


Table IV 
Gas Analyses 


C.H. 22 8 24 6 22 8 

C,H, 13 2 119 119 

C.H. 18 0 18 0 12 S 

C.H, 25 61 

C. 6-9 4 7 8 1 

C.ind heavier 2 9 3 1 


* Polymenzed products from the fuller's^arth tieatment of vapour-phase 
cracked dutUlate 


Mid- MU- 

Spindle- Ml Can- Con- Van 

lop Pleasant ' tlnent itnent Zandt 

topped topped \ Heavy topped topped gas 

Charging stock crude crude \ naphtha crude crude oil* 

CH 4 ^ H,-|-air. Ac 388 244| 29 6 33 2 28 5 

CJl. 20 3 23 1 23 1 267 23 1 

C,H. 13 2 12 5 12 8 12 8 111 

C.H. 13 1 149 I 133 162 15 7 

C,H, 57 61,49 4-0 44 

C. 6 4 109 I 83 5 9 10 1 

C. and heavier 25 8 1t| SOt 12 7 It 

* Thu gas sample was taken when cracking at 1,275* F 
I Wet gases before extraction of any gasoline fractions 

was made by Osterstrom and Wagner [14, 1929] and attri- 
buted by them to the production of gas as the result of 
secondary reactions By a series of experiments using the 
same chargmg stock and cracking at the same temperature, 
but with varying times of reaction, they demonstrated that 
very little of the light gasohne fraction was produced at 
Table V 


Charging stock 


Temperature of cracking, ° F. 

Gallons charged per hour 
Per cent steam added by weight 
Per cent distillate made 
Per cent dry gas made 
Per cent fuel (or polymers) made 
Dry gas made per hour, cu ft 

Cos analysis 
Sp gr of dry gas 
CO.+H,S 

O. 

N, 

CO 
H, 

Olefines 

c;h„+. 

Value of n 

Dtstniate inspeetion 
API grav of distillate I 54 9 j 52 0 

Iodine number | 209 8 | 213 0 



426EPDIst 
Cabin Creek from Cabin 
_ —“i— Creek gas oil 


1,068 1,070 

93 5 472 

06 1 8 

63 8 63 7 

29 7 20 8 

60 151 

579 781 


1 050 1 041 

01 02 

00 1 S 

00 66 

0 1 03 

58 63 

52 2 50-4 

41 8 34 7 

13 132 


34-7 
226 
15 3 
17-9 
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short reaction tunes, and also that the ratio of gas to gaso- 
line produced was increased by increasing the tune of 
reaction for a given cracking temperature By processmg 
gasohne boilmg-pomt distillate at the same temperature 


more paraffins than gases from other charging stocks listed 
m Table IV. This is not surpnsmg, smee both of these 
charging stocks contain relatively large percentages of com- 
pounds possessmg cyclic nuclei When decomposition of 



REACTION TEMRERRTVRE 

Fio 4 Vanation of teacuon-veloaty conitaot with reaction temperature 


and at about the same reaction time as the original chargmg 
stock, thpy produced a gas of almost exactly the same com- 
position The significant data are given m Table V 
It will be observed that gases produced by cracking 
Spindletop crude and polymers contam less olefines and 


these compounds occurs, it is logical to aaanme that alkyl 
substituents will split off before rupture of the nng tnke* 
place. Where the chargmg stock is as complex as u the 
case with gas oil or topped crude charged to crackuig units. 
It IS impossible to state d^mtely what does occur m the 



2117 


VAPOUR-PHASE CRACKING 


cracking reaction. Hague and Wheeler [9, 1929, 1934] have 
shown that the normal paraffins tend to split close to the 
centre of the molecule, giving a paraffin and a straight- 
chain olefine of about equal molecular weights This fact 
was utilized commercially by Sullivan and his co-workers 
[18, 1931] m preparing such olefines by the vapour-phase 
cracking of paraffin wax The almost complete absence of 
straight-chain paraffins of molecular wei^t higher than 
butane in the distillate produced by commercial vapour- 
phase cracking operations may be due to one or both of the 
following factors. Except for the paraffin waxes, pracucalfy 
no normal paraffin hydrocarbons are present in commercial 
charging stocks In 1 923 Wagner [20] pointed out that Mid- 
Continent kerosine contained few, if any, paraffin hydrocar- 
bons Scission of the molecules present, therefore, could 


where K — reaction velocity constant, 

V — energy of activation = —53,400, 

T — absolute temperature of reaction, 

R - gas constant, 

C = a constant == 28 8 

Schutt also gives the effect of cracking temperature upon 
octane number This effect is shown in Fig S, and it should 
be noted that, whereas the extent of cracking is affected by 
both time and temperature (see Gemesse and Reuter), 
octane number is influenced by temperature, but not appre- 
ciably by time of reaction The extent to which commercial 
motor fuels can be produced havmg higher octane numbers 
than those now being marketed is, therefore, dependent 
upon the ability of technologists to develop a cracking 



scarcely be expected to yield fragments [5, 1930, 1931] that 
would have the formula, C„H,„+i, which by picking up 
atomic hydrogen would become paraffins Where such 
molecular fragments arc produced, as would be the case 
where a paraffin hydrocarbon is split in the middle, then the 
formation of paraffin hydrocarbons from those fragments 
IS dependent upon the existence of atomic hydrogen in the 
immediate neighbourhood Otherwise, the extreme insta- 
bility of these fragments would cause them to decompose 
still further In view of the fact that less than 10% of the 
dry gas produced in commercial vapour-phase crackmg is 
hydrogen, it must be apparent that the hydrogen content 
of the vapours present m the crackmg zone is well under 
1 % by volume, and the amount of this that is in the atomic 
state must be very small indeed 
It has been shown by Gemesse and Reuter [7, 1930, 1932] 
that an increase of 17° C (31° F ) in reaction temperature 
is sufficient to double the reaction velocity m vapour-phase 
crackmg Fig 4 is taken from a paper by Schutt [17, 1932], 
who checked their results very closely The former worked 
with Mid-Contmoit gas oil, the latter with an East Texas 
gas oil Data from a paper by Keith, Ward, and Rubm 
[10, 1933], who used a 35 A P I gravity virgin Mid-Con- 
tinent gas oil, are also given The equation involved is 


process that will operate efficiently at temperatures well 
above those now being employed 

This problem is occupying the attention of petroleum 
technologists from both a practical and theoretical pomt 
of view, as evidenced by papers presented at the meetings of 
the Petroleum Division of the Amencan dicmical Society 
[6] m New York m April 1935, in San Francisco m August 
1935, in Kansas City m April 1936, and m Pittsburgh in 
September 1936 High-tempcrature pyrolysis of substan- 
tially saturated gases and subsequent polymerization of the 
resulting unsaturated products and also polymerization of 
cracked gases produced by normal operation of vapour- 
phase crackmg units are indicated as a promismg line of 
future development 

The formation of aromatics is the characteristic which dis- 
tinguishes vapour-phase cracking from hqmd phase crack- 
mg Theoretical chemical consideration of vapour-phase 
crackmg is naturally concerned chiefly with this phenome- 
non Valuable contributions have been made to the study of 
this subject, among which the work of Hague and Wheeler 
[9, 1929, 1934] and of Groll [8, 1933] may be mentioned 
Hague and Wheeler explam the formation of aromatics by 
the polymerization of ethylene and its homologues to buty- 
lene. This mtermediate product loses hydrogen to form 
butadiene, which in turn combines with another molecule 
of ethylene to form cyclohexene. By dehydrogenation 


m 
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benzene is formed as the final product, or, when propylene 
combmes with butadiene, the final product is toluene 
Accordmg to Groll the olefine is demethanized to give 
methane and an acetylene The acetylene polymerizes to 
give the aromatic For example, if propylene is the mitial 
olefine, the final product will be benzene 
It IS mterestmg to note that both theories presuppose the 
formation of a low-bothng olefine by rupture of long-cham 
hydrocarbons, and that polymerization plays an important 


role m producmg the aromatic The reactions mvolved are 
of such complexity that no simple theory satisfactorily 
explams just what happens This is particularly true m the 
formation of tar in the cracking of high-gravity gas oils at 
either 750° F. m the hqiud phase or 1,000° F. m the vapour 
phase If formation of aromabcs were accomplished by 
dehydrogenation or demethamzation, the crackmg of low- 
temperature coal tar would be a profitable source of 
aromatics 
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CATALYTIC REFORMING 

By D. A HOWES, D^, MJnst P T. 
Anglo-Iraman Oil Company 


Ihtroductioii 

The modem cracking process is not an ideal means for the 
production of anti-knock gasoline, although it is at present 
the most important source of such material The crackmg 
processes in present use are almost without exception non- 
catalytic and, in the case of the one or two so-called cata- 
lytic crackmg processes which have been described, no 
definite evidence of catalytic activity has been forthcommg 
All the chemical reactions involved in the cracking process 
are brought about by the action of heat and pressure alone, 
and apart from these agencies the only other controlhng 
factor is time of reacUon Consequently the process lacks 
adequate control with regard to the chemical nature of the 
products obtained 

The reactions mvolved in such thermal treatment are 
very complex, and little is known concemmg the mechan- 
ism of cracking However, not only does degradation of 
the molecule occur, but also the frequent synthesis of 
heavier and more comphcated molecules, that is, the de- 
sired products are accompamed by those that are defimtely 
undesirable, although the amount of the latter formed is 
small 

One of the greatest disadvantages of the modern crackmg 
or reformmg process is the large gas production and the 
consequent low yield of anti-knock gasoline obtamed The 
average yield of gas in cracking operations in the Umted 
Sutes of America during 1935 was 500 cu ft per barrel of 
oil processed, while the correspondmg yield of gas m gaso- 
line reformmg operations was 800 cu ft per barrel The 
gland average gas production corresponding to these two 
figures was approximately 20% by weight The reformmg 
operation gives, on Mid-Contment naphtha, when pro- 
ducmg 72 octane number gasolme, approximate average 
yields as follows gasolme 70%, residue 5%, gas 25% by 
weight 

Dunng the past few years definite advances have been 
made m the direction of catalyuc conversions, whereby 
crackmg and reformmg may be carried out under carefully 
controlled selective conditions in the presence of siutable 
active catalysts Such processes are not yet ready for com- 
mercial application, and much more development work is 
necessary before they can become important factors m 
anti-knock gasohne production On the other hand, rapid 
stndes are being made, and this article indicates the pro- 
gress already made and the probable direction of future 
research. Aia important tendency is the segregation and 
treatment of substantially pure hydrocarbons and the pro- 
duction of mdividual chemical entities 

Chemistry of the Cracking Process 

The desired result of the cracking operation as applied 
to high molecular weight oils is the production of the 
highest possible yield of gasolme and the elimination of 
by-products This mvolves the break-down of molecules, 
i.e. the products must necessarily have a lower average 
molecular weight than the material treated It is, however, 
not possible to carry out the thermal break-down of heavier 
oils exclusively to produce gasohne, and there are also 


formed appreciable quantities of both lighter and heavier 
products Thus, a reaction such as 
C„H,4 

IS always accompanied by reactions involving the scission 
of nearly all the carbon-carbon linkages in the molecule 
Products of higher molecular weight than the feed are 
formed by secondary polymerization reactions revolving 
the olefinic products of the primary reactions In addition 
to these changes various other reactions such as isomeriza- 
tion and cyclization also take place because the gasolme 
products of cracking contain appreciable quantities of ring 
compounds, e g naphthenes and paraffins, even when the 
charge stocks contain none of these substances Such reac- 
tions take place after the primary cracking reactions and 
are enUrely uncontrolled, althou^ they have a profound 
effect on the quality of the gasoline produced 
It IS because of the lack of chemical control m the 
cracking process that attention is now being directed to 
catalytic processes, and it is reasonable to expect a large 
measure of succ^ m the near future In this new work 
attempts are being made to separate the various chemical 
reactions which occur m thermal cracking and to carry out 
each individual reaction (if it is a desirable one) under its 
own optimum conditions accordmg to requirements 
The chief reactions mvolved may be summarized as 
follows 

1 Dehydrogenation, 

2 Scission of carbon-carbon hnkages, 

3 Isomerization, 

4 Cyclization, 

5 Alkylation, 

and it IS convement to consider these reactions m this 
order 

Dehydrogenation. 

This reaction involves the elimination of one or more 
molecules of hydrogen from a hydrocarbon with the pro- 
duction of a substance contauung the same number of 
carbon atoms Thus paraffin hydrocarbons may be 
converted by this reaction into olefines or diolefines, and 
six-membered ring naphthenes may be converted into 
aromatics The reactions mvolved are as follows 

( 1 ) 

Paraffin Olefine 

(2) QH,,„^C.H.„_.+2H. 

Diolefine 

(3) C,H„ -> C,H^, 

Six-membered Aromatic 
rmg naphthene 

and each of these are reversible reactions governed by the 
laws of reaction eqmhbna 

All simple dehydrogenation reactions of this type are 
endothermic and are favoured by high temperatures On 
the other hand, high temperatures also accelerate thermal 
decomposition reacbons and a smtable catalyst must be 



2120 CRACKING 


employed to promote dehydrogenation at a temperature 
low enough to prevent such decomposition 
The use of elevated pressures suppresses the dehydro- 
genation reaction because it involves an increase in volume 
In the case of the gaseous paraffins, ethane, propane, and 
the butanes, reliable information is available regarding the 
dehydrogenation-hydrogenation equilibria Thus Frey and 
Huppke [1, 1933] have studied the dehydrogenation of 
these gases at 350-500° C in the presence of a chromic 
oxide catalyst and determined the values of the cquilibnum 
constant over this range These investigators found that 
side reactions, particularly thermal decomposition, took 
place readily in the case of propane and butane at 500° C 
in the presence of the particular catalyst used This decom- 
position was responsible for the deposition of carbon on 
the catalyst and consequently caused rapid decrease of 
catalyst activity It must be concluded, therefore, that the 
catalyst used by Frey and Huppke was not fully satis- 
factoiy, in that it accelerated decomposition reactions as 
well as dehydrogenation 

One important fact observed by Frey and Huppke was 
the complete absence of isomenzation reactions accom- 
panying the dehydrogenation n-Butane gave a mixture of 
n-butenes, while isobutane gave isobutylene exclusively 
Concerning the simple dehydrogenation of the higher 
paraffins very little is Imown As it is possible to hydro- 
genate the higher olefines such as the hexenes and heptenes, 
&c , to the corresponding paraffins, it should also be pos- 
sible to effect the reverse reaction, but such dehydrogenation 
reactions appear to have been very much neglected The 
production of olefines by the simple dehydrogenation of 
Ce— Cjo paraffins is very attractive because of the high 
yields theoretically obta ina ble and because of the high in- 
crease in anti-knock value which would result Thus in the 
production of hexenes from straight-run hexanes the 
theoretical yield is 97 6% by weight, while the increase m 
anti-knock value is shown m the following figures takoi 
from the pubhcations of Lovell, Campbell, and Boyd [6, 
1931, 1934] 

Cakuhted Octane 

blending number 

n-Hexane 29 

Hexene-I 83 

Hexcne-2 100 

However, there are several difficulUes in carrying out such 
reactions effectively The first is concerned with the choi<» 
of catalysts, most of which also catalyse decomposition at 
the same time as dehydrogenaUon A further difficulty is 
that the required products (i e olefines) have substantially 
the same boiling range as the parent paraffins, and hence 
separation of unreacted paraffins from the product for the 
purpose of recycling is not feasible On the other hand, 
a recycle system is necessary because the conversion per 
pass IS limited to a low figure by the low reaction tempera- 
tures necessary for the avoidance of cracking reactions 
An additional complication is that the allowable range 
of operatmg temperatures is very narrow, a change of 
temperature of as little as 50° C coveting both complete 
decomposition to carbon and hydrogen and also first signs 
of perceptible change 

The (Wiydrogenation of six-membered rmg naphthenes 
into the corresponding aromatics is much more easily 
earned out than the conversion of paraffins mto olefines 
In this case also the reaction is reversible, as diown in the 
classic work of Sabatier and Senderens (1899-1905), and 
may be performed with equal ease m both dire^ons, 


although there is always a tendency, in the dehydrogena- 
tion reaction, for side chams to be spht off and for methane 
to be formed by other decomposition reactions Thus at 
250° C cyclohexane is readily dehydrogenated to benzene, 
no other liquid products are obtamed, and the liberated gas 
is substantially pure hydrogen At higher temperatures, 
however, methane appears in the gaseous reaction product, 
and toluene and dibenzyl are formed in small quantities 
The mechanism by which these higher aromatics are 
formed is obscure 

Similarly, when the higher homologues of cyclohexane 
are submitted to dehydrogenation in the presence of suit- 
able catalysts there is an mcreasing tendency for side chains 
to be split off at temperatures above 250“ C , but in addi- 
tion small amounts of higher aromatics are also produced 
Thus the dehydrogenation of ethyl cyclohexane at 350° C 
yields benzene, toluene, ethyl-benzene, and small quantities 
of higher aromatics in addition to large quanUties of 
methane Such reactions have been classified by Ipatieff 
as belonging to the destructive alkylation type, and take 
place much more readily in the presence of nickel-alumina 
catalysts than in the presence of platinum or palladium 
black 

The elimination of side chains from the ring structure in 
the dehydrogenation of six-membered ring naphthenes is to 
be avoided if at all possible The formation of methane and 
ethane causes a decrease m the yield of liquid hydrocarbons 
obtamed and is nearly always accompanied by rapid de- 
tenoration of catalytic activity brought about by the con- 
densation of high molecular weight products, and also 
possibly carbon, on the catalyst 

Cyclopentane derivatives are not amenable to simple 
dehydrogenation, and the same is true with respect to 
cycloheptane homologues Moreover, disubstituted cyclo- 
hexanes in which both the substituted groups are attached 
to the same carbon atom are not convcrtable to the 
corresponding aromatics by dehydrogenation 

With regard to suitable catalysts for the dehydrogenation 
of liquid hydrocarbons, it is at once obvious that neither 
platmum nor palladium may be used because of the ease 
with which these subsUnces arc poisoned by traces of 
sulphur compounds, which are almost mvanably present 
in petroleum distillates On the other hand, these catalysts 
have proved very satisfactory in laboratory work in which 
catalyst life is not very important, and Zelinsky and Shuy- 
km [13, 1935] have used platinum on active carbon as a 
catalyst in the dehydrogenation of Surakhany hght distil- 
lates rich in six-membered ring naphthenes 

Nickel in the reduced state is also an effective dehydro- 
genation catalyst, but also has a profound accelerating 
efiect upon decomposition reactions leading to the pro- 
duction of hydrocarbons of lower molecular weight, per- 
manent gas, and carbon These undesirable characteristics 
are, however, considerably modified by incorporation with 
alumma in the manner suggested by Zehnsky [12, 1924] or 
later by Jones and Lmstead [3, 1936] Little information 
IS available concenung the active life of mckel catalysts or 
theu* susceptibility to poisons in dehydrogenation reac- 
tions, likewise httle is known concenung the efficacy of 
cobalt catalysts 

Chromium has been employed as a dehydrogenation 
catalyst m the foim of chromium oxide (Cr«0«). In the 
production of aromaUcs from naphthene hydrocarbtMis 
Karshev, Severjanova, and Sivova [4, 1936] found that, 
at 500-550° C. four catalysts had activities in the fol- 
lowmg ascending order AltOa, Cr— Cu— HaPOa— AltO«, 
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Cr,Or— HaP04, Cr— Cu, phosphoric acid being incor- 
porated in the second and third presumably to increase 
their mechanical strength The copper-chromium catalyst 
was stated not to be adversely affected by sulphur com- 
pounds It IS not known whether the copper acts as a pro- 
moter to chromium, but it is claimed to have valuable 
dehydrogenating properties when used alone [10, 1930] 
Important work carried out by Moldavski and Kamu- 
sher [7, 1936] has indicated that chromic oxide is an 
effective catalyst for the simultaneous dehydrogenation and 
cyclization of paraffin hydrocarbons at temperatures of 
450-480° C Thus /i-octane, passed over this catalyst at 
460° C , gave a liquid product containing 63% of aromatic 
hydrocarbons (chiefly n-xylene) and 6% of olefines 
file gas liberated contained 92% of hydrogen and 7% of 
gaseous paraffins Similarly, n-heptane yielded toluene, 
R-hexane gave benzene, and di-isobutyl yielded p-xylene 
The reacUons involved in this transformation arc not 
fully understood, but it is evident that extensive cyclization 
or ring formation occurs Perhaps the initial reaction is 
dehydrogenation to the corresponding olefine which is 
followed by cychzation to a naphthene and then by further 
dehydrogenation to an aromatic In this case the three 
steps would be as follows 


Scission of Carbon-carbon Linkages. 

It has already been mentioned that in conventional non- 
cataly tic crackmg carbon-carbon linkages are severed at all 
points in the molecule The factors controlling the point 
of attack are very imperfectly understood, and there ap- 
pears to be no method available whereby the pomt of 
scission may be controlled without changing the extent of 
decomposiUon Unfortunately, the reactions involved in 
molecular break-down are, in the main, not reversible, and 
as a result they are not capable of control, either by the 
use of catalysts or by the choice of other operatmg con- 
ditions, to such a marked extent as in dehydrogenation 
Another point of importance is that catalysts found active 
in promoting cracking reactions also have a greater effect 
in accelerating decomposition to carbon and hydrogen Up 
to the present no fully satisfactory cracking catalyst is 
known 

The peculiar catalytic properties of aluminium chloride 
need special mention here it is not a cracking catalyst m 
the above sense of the term, but it does effect the scission 
of carbon-carbon linkages at very low temperatures in 
reactions of the destructive alkylation type 

Isomerization. 



The presence of small amounts of methane in the gas 
liberated is explained by the splitting of side chains from 
the ring structure 

The chromium oxide catalyst quickly lost activity, how- 
ever Other catalysts were exammed, including zme oxide, 
alummium oxide, thorium oxide, nickel chromate, molyb- 
denum sulphide, uramum oxide, and floridin, but of these 
only molybdenum sulphide possessed any activity The 
rate of catalytic deterioration was, however, more rapid in 
this case than m the case of chromium oxide 

This type of conversion process, whereby paraffins may 
be converted in good yield into aromabc hydrocarbons, is 
of great interest and potential value to the petroleum in- 
dustiy as it will give a valuable supply of gasoline of high 
anti-knock value which will also constitute a source of pure 
aromatic hydrocarbons for use in the chemical industnes 


The potentialities of isomerization reactions are enor- 
mous, especially when it is considered that few of the 
hydrocarbon molecular configurations really effective in 
imparting anti-knock value are present in straight-run dis- 
tillates to any great extent Thus, of the paraffins boiling 
above 60° C only those of branched-chain structure, pre- 
ferably those of compact molecular configuration and con- 
taining a tertiary carbon atom, are of high anu-knock 
value The remaining paraffins are of little use as gasoline 
engine fuel because they lack the molecular form of their 
isoment homologues Perhaps the most important poten- 
tial supply of high octane number motor fuels lies in the 
satisfactory development of isomerization reacUons Im- 
portant progress in this direction is now being made 

As examples of promising isomerization reactions the 
following may be mentioned 

(а) The conversion of 1 -butene into 2-butene by the 
acuon of phosphoric acid-alumina and phosphoric acid 
caulysts [2, 1934] At 249° C and m the presence of the 
latter catalyst the conversion is complete Perchloric acid, 
benzene-sulphonic acid, and zinc chloride are also effective 
catalysts for this reacUon 

(б) Isomerization of Hexenes When tertiary butyl ethy- 
lene, aj-methyl-isopropyl ethylene, or tetramethyl ethylene 
IS passed over phosphorous pentoxide on silica gel at 
300" C an equilibrium mixture of all three hexenes is pro- 
duced [5. 1934] 

(c) Isomerization of Paraffins In the presence of zme 
chloride for a period of about 6 hours at 300-400° C and 
under a pressure of nitrogen or hydrogen, n-heptane under- 
goes isomerization and yields 20-25% of isoheptanes 
Molybdenum sulphide is also an effective catalyst for this 
reaction at 420' C R-Octane reacts in a similar manner 
[10, 1935] According to Moldavski and his co-workers [9, 
1936], however, these changes only take place under condi- 
tions mvolving the production and condensation of un- 
saturated hydrocarbons Aluminium chloride bnngs about 
similar isomerizaUon of the normal paraffins at 20-90° C , 
the leacbon bemg accelerated by the presence of hydrogen 
chloride 

(<0 Isonerization of Naphthene Hydrocarhons. Numerous 
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isomerizations of naphthene hydrocarbons have been ac- 
comphshed, for instance, the conversion of cyclohexane 
into methyl cyclopentane, which is accompamed by de- 
structive alkylation reactions, and the conversion of ethyl 
cyclohexane into dimethyl cyclohexane 
(e) Isomerizationof Olefine Hydrocarbons into Naphthenes. 
This conversion is also an example of a cyclizaUon reaction 
and IS, according to Francis and Klemschmidt, thermo- 
dynamically possible at all temperatures up to 400° C 
Direct experimental evidence of the occurrence of this 
reaction is scarce, but it is probable that in conventional 
crackmg and reforming processes the reaction occurs to a 
measurable extent On the other hand, experimental evi- 
dence IS very much in favour of this reaction takmg place 
to an important degree in polymerization processes cata- 
lysed by aluminium chloride 


Cydization. 

Cyclization, i e rmg closure-, reactions are important m 
all pyrolytic conversions Thus, by suitable heat treatment 
yields of aromatic hydrocarbons of up to 40% may be 
obtained from the gaseous ahphatic hydrocarbons The 
mechamsm of such changes is imperfectly understood, but 
It IS postulated by some workers that cyclization occurs 
by the condensation of ethylene and butadiene in the 
following way 


CH, 


^ CH. 
CH, 



Similarly, the polymerization of butadiene is known to 
yield vinyl cyclohexene, thus 


CH. 

t • r“ 

\ I 

CH, CH, 


CH 

CH, CH=CH, 

C\'/H. 


CH, 


The possible isomerizaUon of straight-chain olefines mto 
su(-membered ring naphthenes which may be dehydro- 
genated to aromatics is of considerable importance in view 
of the large mcrease in anti-knock value thereby obtam- 
able The possible conversion of cracked spmts into those 
of naphthemc structure is also of value because of the high 
gum stabihty of saturated materials The high anti-knock 
value and good lead response of naphthemc spnits are also 
very important points in their favour compared with 
cracked gasolmes from paraifin-basc crudes 


Alkylation. 

Alkylation consists of the combination of unhke hydro- 
carbon molecules to form one molecule of a hydrocarbon 
possessing a molecular weight equal to the sum of the 
molecular weights of the original hydrocarbons Examples 
of such combinations are as follows 


(a) Olefines and aromatics. 


(b) Olefines and parafiins, 

(c) Olefines and naphthenes, 

and m each case the use of a catalyst is beneficial, if not 
absolutely necessary Satisfactory catalysts are the anhy- 
drous metal halides, some oxides, and phosphoric and 
sulphuric acids 

Alkylation reactions are believed to take place to a small 
extent m conventional non-catalytic cracking and reform- 
ing operations as well as in thermal polymerization Under 
these conditions, however, the reaction is not controlled in 
any way and may, depending upon the operating condi- 
tions, be either beneficial or haimful with regard to the 
properties of the gasohne produced Recent work has 
shown how alkylation reactions may be carried out while 
avoiding secondary changes, and thus an important step 
has been made towards the production of synthetic gaso- 
hnes of very high anti-knock value 

Considering first of all the condensation of olefines and 
aromatic hydrocarbons, which may be accompLshed at 
ordinary temperatures and at normal or increased pres- 
sures using sulphuric acid as a catalyst, this general reac- 
tion IS a means of converting the gaseous olefines mto 
stable high octane number gasoline containing only traces 
of unsaturated hydrocarbons and which are fully suitable 
for incorporation in aviation fuels This conversion is also 
a convement means for the synthesis of substantially pure 
aromatic hydrocarbons Thus ethyl benzene, propyl-, and 
butyl benzenes may be obtained by condensing benzene 
with the appropnate olefine Such substances are especially 
valuable in the preparation of low-volatility fuels of high 
anti-knock value, e g high flash-point safety aviation fuels 

The alkylation of naphthene hydrocarbons, although of 
great academic interest, is not of such great potential value 
because the higher substituted cyclohexanes and cyclo- 
pentanes have, in general, low anti-knock values, with the 
exception of those contaming tertiary carbon atoms in 
the substituted groups 

Perhaps the most important alkylation reaction with 
regard to the production of premium grade gasolmes is the 
combmation of olefines and paraffins Examples of such 
reactions are the condensations of ethylene with n-hexane, 
isobutylene with isobutane and n-butane, and ethylene with 
isobutane, &c The products obtained contam only traces 
of olefines and are predominantly fully saturated and 
paraffinic in nature, they consist largely of isoparaffins of 
high anti-knock value 

Conclusions 

It is evident that many synthetic reactions are m course 
of active study for the production of premium-grade pro- 
ducts and that the use of these reactions will create a supply 
of fuel hitherto not available At present the most pressing 
need is for a process whereby naphthas and gas oils may 
be broken down to gasoline hydrocarbons under.carefully 
controlled conditions whereby the production of gaseous 
aliphatic hydrocarbons may be reduced to a neghgible 
amount or elumnated entirely Such a process is not yet 
available, but the knowledge now bemg rapidly accumu- 
lated on dehydrogenation, (^dization, isomerization, and 
alkylation reactions may soon enable such a process to be 
evolved 
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ECONOMIC SIGNIFICANCE OF CRACKING 

By GUSTAV EGLOFF, A J , M A., Ph D. 

Universal Oil Products Company, Research Laboratories, Chicago, Illinois 


The dominating factor in the oil industry from the econo- 
mic standpoint, and the strongest force for conservation, 
is the cracking process This process influences not only 
the business of producing and reflmng petroleum, but it is 
vital to the automobile and aeroplane industry It also 
affects in very definite ways the industries concerned with 
gas and coal, road building, organic chemicals, alloy steels, 
and the manufacture of control instruments 
In Its early stages the automobile industry gave indica- 
tions of outrunmng the capacity of the refining industry 
to supply gasoline This threat spurred on chemists and 
other te^nical men to develop methods for producing 
more gasoline from crude oil The cracking process pro- 
vided the means for meeting the mcreased demand for 
motor fuel 

Gasoline consumption in the United States has paral- 
leled the increased registration of motor vehicles, as in- 
dicated m Table I 

Table I 

Automobile Registration v Motor Fuel Consumption 

I Automobiles Motor fuel comumptton, 

Year | m uie hbl 

1920 I 9,232,000 108,945,000 

1925 19,937,000 232,182,000 

1930 ' 26,524,000 398,075,000 

1932 ; 24,150,000 373,770,000 

1933 I 23,849,000 377,003 000 

1934 I 24,751,000 406,269,000 

When the cracking process was put into commercial 
operation about 23 years ago, its motor fuel was looked 
upon as an mferior product, although, as a matter of fact. 
It was superior to the strais^t-run product then standard 
Because refiners could not meet the demand to make more 
gasohne they accepted crackmg, but at first as a necessary 
evd For many years it was not believed that the gasoline 
produced by nature could be equalled by the ‘artiflcial’ 
vanety produced by man 

However, the situation has changed At present not 
only does cracked gasoline command a premium over 
straight-run from most crude oils, but certain straight-run 
gasolines, notably Pennsylvanian, which were formerly 
considered premium products, are unable to satisfy the 
demands of the modem motor, and cannot be readily 
marketed unless they are cracked or otherwise treated to 
improve their knock rating So great is the demand for 
anti-knock ^olme that one-quarter of the 219,583,000 bbl 
of straight-run gasolme produced (1935) m the United 
States was cracked or ‘reformed’ 

The most enthusiastic prophet seeing the cracking stills 
of 20 years ago would not have envisioned the great techno- 
logical development which has taken place m the crackmg 
art since that Ume One of the first commercial umts pro- 
cessed about 125 bbl of gas oil per day, and yielded 30 to 
35% of gasolme of low octane number, while the largest 
modem umt now treats about 30,000 bbl of crude oil a day 
and produces 68% of high anti-knock fuel 


The cracking process has developed not only m the size 
of the units, but m its flexibility, particularly smce the intro- 
duction of multiple heating coils Whereas a run of 2 days 
was the best expected 23 years ago, continuous cracking 
runs of more than 90 days, producing as desired gasoline, 
gas, and coke or gasoline, gas, and fuel oil, are now com- 
mon The widest conceivable variety of charging stocks 
are now cracked, producing besides high anti-knock gaso- 
hne, gas, coke, and fuel oil, tractor fuel, Diesel oil, and 
furnace oil when desired An important recent develop- 
ment in cracking is the use of polymerization processes by 
which gas from cracking stills is converted mto gasoline 
of high anti-knock value As technology has advanced, 
more and more severe conditions have been employed 
in cracking, until to-day temperatures reach from 475 to 
600“ C, and pressures of over 1,000 lb per sq in are 
sometimes used 

The present investment in cracking equipment amounts 
to over $400,000,000 in the United States, and the extensive 
research going on in the field of cracking requires a yearly 
expenditure of over $5,000,000 

The tremendous significance of the crackmg process as 
a force for conservation is clear from the fact that to manu- 
facture gasolene without the use of cracking would require 
about double the production of crude oil over that now 
required When it is considered that m 1935 the 26,000,000 
motor-cars in the United States called for 18,167,000,000 
U S gallons of gasoline, the importance of this conserva- 
tion can scarcely be overestimated 

The greater part of the world’s crackmg mdustry is 
located within the United States, which in 1935 produced 
8,716,554,000 U S gallons of cracked gasoline, as against 
an estimated production of 1,900,000,000 by the rest of the 
world There are cracking units m operation m Russia, 
Great Britain, Canada, Egypt, Belgium, France, Germany, 
Italy, Poland, Rumama, India, Russia, Burma, Borneo, 
Canary Islands, Island of Aruba, Trinidad, Cura9ao, Peru, 
Ai;gentina, and Mexico, and the use of the cracking process 
outside the United States is rapidly mcreasmg 

Modem Gasolines 

The trend of the age is towards ever-increasmg speed, 
and to satisfy it the autqmoUve industry has been supplymg 
mcreasingly powerful and rapid transportation 

One way in which automobiles have been improved has 
been in increased compression raUos The trend m this 
direcUon is clearly shown in Table II, which gives the 
average compression ratio of automobiles in the* United 
States in the last 12 years 

Each increase m compression ratio reqmres improved 
quahty in the gasoline because of the knockmg which 
occurs if gasolmes of too low octane number are used 
This has caused more and more emphasis to be laid on the 
anu-knock value of gasolme, measured m terms of octane 
number This property is governed by the type of hydro- 
carbons present, and can be controlled to some extent 
when gasolme is made by crackmg, but not wlwn distilled 
directly from the crude. 
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Table n 


Average com- 

Year pression ratio [1] 

1924 4 36 

1925 440 

1926 4 47 

1927 4 55 

1928 4 86 

1929 4 99 

1930 5 15 

1931 5 23 

1932 5 29 

1933 5 57 

1934 5 72 

1935 5 98 

1936 6 1 

The average octane number of regular-grade gasolines 
sold in the United States in 1934 is estimated at 69-70 and 
1935 at 70-71 Straight-run gasoline (sold as third grade) 
has an average octane number of 55 About 2 % of the total 
gasoline marketed is a premium grade of 67 octane rating 
The superiority in knock rating of cracked to straight- 
run gasoline from the same crude is shown by the data m 
Table III 


Table 111 

Octane Numherv of Straight-run and Cracked Gasolines 
{Co-operative Fuel Research Steering Committee 
Research Method) [2] 


, Straight-run I Cracked 

gatolme ' gasoline 


California (Kcttlemen Hills) 

, (Eliwuod -6anta Fe) 
East Texas 

„ (Joiner) 

Texas (Yates) 

„ (Van Zandt) 

„ (Refugio) 

Kansas 

Mitchigan (Mt Pleasant) 
Mid-Continent 
Montana (Kevin Sunburst) 
New Mexico (Hobbs) 
Oklahoma (Allen) 

„ (Oklahoma City) 

Pennsylvania 

Wyoming (Lost Soldier) 


60 

52 

57 
56 
62 
43 

58 
45 
40 
19 
51 

55 

61 

47 

50 

43 

7t 


80 

74 

70 
73 
81 

71 
90 
73 

71 
64 

77 
81 
76 

78 

72 


81 


The octane number of the cracked gasolines is due to 
their higher content of aromatic and olefine hydrocarbons, 
and lower percentage of straight-chain paraffins This is 
evident from the data in Table IV, which compares the 
hydrocarbon composition of cracked and straight-run 
gasolmes from several typical stocks The straight-run 
gasolmes have an average paraffin hydrocarbon content of 
74% and an octane rating of 57, the paraffin content of the 
cracked gasoline averages 47% and the octane number 72 


Polymer Gasoline 

The cracking process produces m addition to other pro- 
ducts over 300,(XX),000,000 cu ft of gas annually in the 
Umted States This gas contains varymg percentages of 
olefines, principally ethylene, propylene, and butenes, and 
also pan^ hydrocarbons To date cracked gas has been 
largely used as fuel Gasolme of 80-82 octane number is 
being produced from cracked gas at low temperatures and 
pressures m the presence of catalysts, and also by various 
thermal treatments. 


Table IV 


Chemical Analyses of Gasolenes [3] 


Arkansas (Smackover) 
Straigbt-run 
Cracked 
Cabfornia 
Straighl-run 
Cratked 
Kansas 
Straighl-run 
Cracked 

Kentucky (Somerset) 
Straight-run 
Cracked 
Kentucky 
Straight-run 
Cracked 

Michigan (Mt Pleasant) 
Straighl-nin 
Cracked 

Oklahoma (Cushing) 
Straight-run 
Cracked 
Pennsylvania 
Straight-nin 
Cracked 

Texas (Van Zandt) 
Straighl-run 
Cracked 


Naph- 

Aro- 

UttSQtU^ 




irm 

Paraffins 

% 

14 5 

11 3 

79 

66 3 

21 2 

27 5 

14 7 

36 3 

34 9 

1 28 

‘ 5 1 

57 2 

16 7 

1 22 0 

' 23 0 

38 3 

20 3 

04 

1 27 

76 6 

128 

178 

16 1 

53 3 

20 6 1 

53 

38 i 

70 3 

11 8 { 

14 9 ' 

125 

608 

23 1 i 

28 

58 

68 3 

188 ' 

26 0 1 

12 5 

42 7 

74 1 

45 1 

29 

85 2 

3 1 1 

33 5 1 

25 9 

37 5 

23 7 ! 

49 1 

1 6 

69 8 

18 0 1 

19 8 1 

10 9 

51 3 

130 ' 

69 , 

22 

77 9 

10 2 j 

23 5 , 

97 

56 6 

00 

29 

1 7 

95 4 

00 1 

35 2 1 

22 2 

42 6 


The heat and pressure methods use temperatures ranging 
from about 500 to 550” C and pressures of 1,000 lb per 
sq in to as high as 3,500 lb The catalytic method uses 
temperatures of about 230” C and pressures of about 
200 lb per sq in 

These processes are capable of producing 1,000,000,000 
gallons of 80-82 octane number motor fuel yearly from the 
cracked gas available in the United States The significance 
of this advance is apparent when one realizes that the total 
gasoline production m the United States in 1935 — cracked, 
strai^t-run, and natural gas gasoline, and motor benzol — 
was 19,552,000,000 gallons, and that its average octane 
number was about 66 


Refining of Cracked Gasoline and Use of Anti-oxidants 
Cracked gasolene brought with it new refining problems 
because of its high content of unsaturated hydrocarbons 
For a number of years all cracked gasoline was chemi- 
cally treated before marketing, necessitating expense for 
equipment, chemicals, and operation of the treatmg plant, 
and occasioning loss of gasoline and depreciation of its 
anti-knock rating By usmg anti-oxidants to inhibit gum 
formation it has been possible to reduce and in some cases 
entirely eliminate treatment (with possible exception of 
sweetening) and effect savmgs of as high as 17 cents per 
barrel of gasoline The use of anti-oxidants is rapidly in- 
creasmg, and less and less cracked gasoline is refined with 
sulphuric acid or clay About 85 % of the gasoline now 
marketed m the United States is dyed, thus simplifying the 
refining process by eliminating treatments to produce 
water-white colour 
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Economic Effect of Cracking npon other Parts of 
the Oii Indust^ 

Cracking, although pnmanly a refining process, has a 
direct effect upon other branches of the oil industry By 
increasing the amounts of desirable commercial products 
obtainable from a given volume of petroleum, the necessary 
yearly crude-oil requirement is strikmgly decreased, as has 
already been noted The effect of cracking upon oil pro- 
duction, based on gasoline alone, has been to conserve 
over 5,000,000,000 bbl in the last 8 years, i e without the 
crackmg process the oil resources of the Umted States 
would have been depleted by 5,000,000,000 more barrels of 
crude in order to meet the motor fuel demand 
Had It been necessary to drill enough wells to produce 
600,000,000 bbl more crude oil each year, the added cost 
to the producer would have been over $120,000,000 a year 
It would also have been necessary to provide added 
storage tanks for the crude oil and pipelines for its trans- 
portation The existing pipelmes for crude-oil transporta- 
tion cover a distance of over 100,000 miles, represent an 
investment of $800,000,000, and have a yearly carrymg 
capacity of about 1,000,000,000 bbl Without the cracking 
process, the mcreased pipeline capacity required would 
have cost an additional $480,000,000 
Intimately associated with the producUon of crude oil 
from known fields is the equally important activity of 
locating new areas to exploit This calls for the expense 
of geologists, palaeontologists, physicists, mathematicians, 
cheimsts, engmeers, and dnllers The intensity of search 
for new oil-pools is influenced by the rate of depletion 
of the known supply Consequently, by reUrdmg the rate 
of depletion, the economic effect of crackmg is felt by the 
searchers and producers of oil 
Without crackmg, a further serious problem would have 


Table V 

Principal Petroleum Products from Crude Oil 


Year 


I Gasoline 
V S crude I and 
refined, , naphtha \ 

1,000 bU I % 


1880 

1889 

1899 

1904 

1909 


10 3 75 2 

12 8 65 9 

12 9 I 57 6 

10 3 I 48 3 

10 7 33 0 


Gas and 


Lubricants 


1914 

1917 

1918 

1919 

1920 


326,025 

361,520 

433,915 


21 5 
25 3 
25 2 


46 5 

49 2 
53 5 

50 2 
48 6 


66 

57 

62 

56 

57 


1921 

1922 

1923 

1924 

1925 


443,363 

434,976 

538,252 

597,954 

698,582 


27 1 

28 8 

30 0 

31 2 

32 4 


1926 

1927 

1928 

1929 

1930 


737,598 

778,729 

835,711 

912,191 

866,615 


10 5 , 519 

110 I 509 

9 6 I 49 5 

9 3 { 49 8 

8 1 49 3 


79 

68 

66 

58 

53 


47 

47 

45 

43 

42 

41 

38 

38 

35 

37 


1931 

1932 

1933 

1934 

1935 


894,608 

819,997 

861,254 

893,303 

966.243 


447 
47 3 
47 4 
482 


47 

53 

44 

60 

57 


30 

27 
29 

28 
28 


developed m the marketing of the other products from 
crude oil, such as kerosme, gas oil, and ffiel oil, which 
would have been produced m undesirably large amounts 

It IS of mterest to note the changing percentages of pro- 
ducts obtamed from a barrel of crude petroleum as m- 
fluenced by the development of crackmg, as shown m 
Table V. 

Effect of Cracking on Industries other ffian 
Petroleum 

A. Gas Industry. 

Cracked gases have an average heat content of about 
1,400 B Th U per cu ft , about 300 B Th U higher than 
natural gas They are, therefore, useful for blendmg to 
raise the heating value of low B Th U gas, or they may be 
reformed or cracked to lower B Th U gas The reforming 
of cracked gases may be either a process of gas-crackmg 
or involve their passage through an incandescent coke bed 
in the presence of steam, thus producing water gas at the 
same time Cracked gas is substituting manufactured gas 
produced either from gas oil, coal, or both in many con- 
summg areas 

Hydrogen is produced both as an original component of 
cracked gases and by their rcformmg As one of the pro- 
ducts of crackmg, hydrogen extends the effects of the 
crackmg process to modem synthetic industries, outstand- 
mg among these, as a logical market for this hydrogen, 
being the synthetic ammonia and oil hydrogenation in- 
dustries 

B. Coal Industry. 

An important factor in the competition of fuel oil with 
coal is the mcreasmg amount of cracked residue included 
in the yearly supply of fuel oil The crackmg process con- 
trols the properties of cracked fuel oil as well as those of 
cracked gasoline, and may be regulated to yield a product 
to meet any specification Sometimes, mdeed, the demand 
for special fuel oils, such as domestic furnace oil, may at 
tunes be more profitably filled than that for gasoline, so 
that at times some cracking units in the Umted States 
are operated to produce pnmanly furnace oil rather than 
motor fuel 

Natural fuel oil obtamed by atmosphenc distillation of 
crude must depend upon the varying constituents of crude 
oil for Its properties Cracked residual fuels surpass the 
usual natural fuel oil in heat content per barrel, viscosity, 
and cold test— three important fuel characteristics. The 
number of British thermal units per gallon of cracked fuel 
oil IS about 10% higher than that of the natural product 

In 1934, 178,866,000 bbl of the total 323,000,000 bbl 
of fuel oil used in the United States was cracked fuel Hus 
volume of cracked fuel is equivalent to over 46,000,000 tons 
of bituminous coal 

Another product from petroleum which is m direct com- 
petition with coal IS petroleum coke, 1,300,000 tons were 
produced by the crackmg process m 1934 Petroleum coke 
IS also m active competition with coal coke for metal- 
lurgical purposes 

Petroleum coke is now produced by the crackmg process 
m a contmuous operation which is much less expensive and 
far more efficient than the older batch process used m con- 
junction with atmosphenc disbllation 

Proximate analyses and heat contents of representative 
atmospheric disuUed and cracking-process cokes are given 
in Table VI. 
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Table VI 


ECX)NOMIC SIGNIFICANCE OF CRACKING 
D. Chemical Industry. 


Properties of Petroleum Coke 


Cake 



Sinackover (Ark ) 
Kentucky 
Penniylvenia 
QUifomia 


Atmospheric distilled 


I 06 

I 03 


Fret ' [ 

carbon i \ Sulphur 

•/. \ y. \ y. 


91 81 0 03 I 083 

83 21 ' 1 62 I 1 96 
87 13 I 046 418 

87 42 0 34 0 66 

87 42 , 0 99 0 22 

80 49 I 091 ' 109 

93 8 1 3 I 03 

941 , 10 07 


13,643 
15,436 
13 898 
16,403 
16,248 


14480 

14,900 


C. Road-building Industry. 

Road oils, the production of which amounted to 

5.425.000 bbl in 1930, 5,177,000 in 1931 , 6,879,000 in 1932, 

7.700.000 in 1934, and in 1935 6,832,000, were produced in 
part by the crackmg process Moreover, road oil may be 
obtamed by cracking some crude oils, such as those from 
Pennsylvania, which do not yield such oils by atmosphenc 
distillation For example, cracked road oils meeting 
commercial specifications can be produced by cracking 
Pennsylvania parafiin-base crudes 

Another phase of the road-building industry to which 
cracking is offering new supplies of a satisfactory product 
is the utilization of asphalt The amount of asphalt pro- 
duced from United States petroleum was 3,830,457 tons in 
1929, 3,223,888 m 1930, 2,975,690 in 1931, 2,474,919 in 
1932, and 2,675,800 in 1934 It is possible to crack a crude 
petroleum which contains no asphalt so as to obtain both 
a good yield of high anti-knock gasoline and marketable 
asphalt 


The chemical industry is utilizmg the olefines present in 
cracked gases to produce a variety of synthetic products 

The amount and nature of the gas produced in the 
cracking process is governed by several factors, such as 
the composition of the charging stock and the operaUng 
conditions of time, temperature, and pressure used during 
the processing of the oil 

The potential capacity of the oil industry is over 
1,000,000,000 gallons a year of alcohols (such as ethyl-, 
propyl-, butyl-, and amyl-) from cracked gases The present 
output of ethyl alcohol from cracked gases is over 4,000,000 
gallons a year at a price enabling it to compete with ethyl 
alcohol produced from grain or molasses Any conceivable 
demand for alcohols could be supplied by the oil industry 
through the use of the cracking process 

Compounds of the following groups have been synthe- 
sized and produced commercially from cracked gases 
alcohols, amines, chlorides, glycols, nitroglycols, chloro- 
hydrins, ethers, ketones, acids, and esters 

Some of the outstanding uses for these products are 
as anti-fieeze agents (ethylene glycol), explosives (mtro- 
glycols), agents to remove hydrogen sulptude or carbon 
dioxide from gases (triethanolamine), solvents for lubri- 
cating oil treatment (dichloroethyl ether), medicmals 
(acetoacetamlide), fumigants (ethylene oxide), solvents for 
plastics and lacquers, resms, synthetic rubber (alcohols, 
esters, ketones), and others By the action of aluminium 
chloride upon cracked distillates, the unsaturated hydrocar- 
bons are polymerized mto sohd resms of commercial value 
Varnishes made with this resin dry exceedmgly fast and are 
highly resistant to water, alkali, and acid The resin is ther- 
moplastic and can be moulded when mixed with suitable 
fillers 
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THE HISTORICAL DEVELOPMENT OF HYDROGENATION 

By Dr. FRIEDRICH BERGTVS, Hon. MlnstP.T. 


Research and technical work on hydrogenation under high 
pressure have had my particular attention ever smce 1910 
Apparatus and equipment of my own construction then 
installed m my laboratory at Hanover offered every pos- 
sibility to study chemical reactions under pressures up to 
300 atm 

At that time, the rapid progress m automobilism with 
Its prospective bghly increased demand for gasoline m the 
near future, suggested the idea of finding new ways to aug- 
ment the supply of this commodity by way of cracking 
heavy oils and oil residues mto gasohne m the most 
efScient manner possible 

The deficiencies of the cracking processes then m use, 
leadmg to an mfenor quality of unsaturated gasohne and 
to heavy losses throu^ the simultaneous formation of 
coke and methane, could evidently only be overcome by 
replacmg the hydrogen elimmated m the shape of methane 
during the cracking operation by a fresh supply of hydro- 
gen in order to prevent the separation of unsaturated pro- 
ducts which IS also the cause of coking Investigations as 
to high-pressure hydrogenation of petroleum hydrocarbons 
under temperature conditions favounng the crackmg reac- 
tion showed that crackmg oils readily absorb hydrogen, 
yieldmg hghter oils of a more saturated character without 
givmg rise to the formation of coke The possibihty of 
effecting combmation of hydrogen under high pressure with 
the spht-up molecular complex of the high-boilmg petroleum 
fraction is lunited to a range of temperatures within which 
the velooty of the hydrogenatmg action is not surpassed by 
the speed of the crackmg process Furthermore, the hydro- 
gen pressure must be high enough to ensure quick termina- 
tion of the hydrogenation reacUon, and provision must be 
made that each oil molecule sphttmg up shall encounter 
a sufficient supply of hydrogen, which necessitates a 
thorough mixing of gas and hquid best attamed m a rotat- 
mg autoclave 

Prolonged experunental work along these lines convmced 
us of the technical feasibility of the process and led to our 
first application for a patent on hi^-pressure hydrogena- 
tion of oils m May 1913 

Special expenments earned out with all precaubons to 
prevent the oil to be hydrogenated from getUng mto contact 
with the non walls of the reaction vessel made it evident 
that the process is m no way influenced by the action of 
metallic contact substances 

Early m 1914 we began with experiments on a somewhat 
enlarg^ scale, usmg a 40-htie bomb of stauonary type 
heated from the outside, the hydrogen passing through the 
liquid, which was kept m motion by a stirrer As raw 
material, a heavy gas oil was used, which was hydrogenated 
at a temperature of 430” C under a pressure of 120 atm 
We succeeded in transformmg about 30% of the gas oil 
used mto gasohne, no cokmg takmg place 

All through 1913 and 1914 experimental work was de- 
voted to the sphttmg of gas oils and heavy distillation 
residues from Galician and Roumanian crude oils In all 
cases gasohne of a practically saturated character could be 
produced, the formation of coke bemg avoided by proper 
distribution of the hydrogen. The sulphur content of tl^ 
oils was ehmmated for the largest part m the form of 


hydrogen sulphide, or it combined with the ferric oxide 
added for this purpose, the distillation products were 
practically free from sulphur 

The trend of our work changed somewhat when the 
events of the War called peremptorily for the development 
of techmeal apparatus to carry through the hydrogenaUon 
of oils as well as of coal on a large scale As to the origin of 
coal, and what ‘coal’ really is, I had already been led to 
certain hypothetical reflections when, m 1911, 1 made the 
observation that peat, when exposed to temperatures of 
more than 300” C m the presence of liquid water, gives 
off considerable quantities of carbonic acid and is reduced 
to a powdery residue of a composiUon closely resemblmg 
that of natural bituminous coal The process of decom- 
position of vegetable substances m nature and their gradual 
transition mto coal m the course of miUions of years might 
well be considered to be of a similar character Cellulose, 
the mam constituent of vegetable substances, is, from a 
thermodynamical pomt of view, an unstable product whose 
velocity of decomposition at normal temperatures, how- 
ever, IS slow enough to escape observation It has re- 
peatedly been attempted to speed up the decomposition 
process of vegetable substances, such as cellulose or wood, 
and their transformation into coal, through application of 
heat, or, to avoid local superheatmg of the carbonizing 
material, more recently, of steam We selected the way of 
brmgmg peat, wood-cellulose, and other vegetable sub- 
stances into closest contact with hquid water at a workmg 
temperature of 290-350® C under pressures up to 200 atm 
Under these workmg conditions water is not transformed 
mto steam, but, as a good conductor of heat, absorbs and 
distributes the heat produced durmg the decomposibon 
process without becommg a reaction participant itself The 
carbonic acid as well as the water formed could be quanti- 
tatively recovered Two parts of cellulose yielded 2 
parts of carbonic acid and 5 parts of water, leavmg behmd 
a powdery substance corresponding to the composition 
Cx(H,0, the hydrogen content varymg slightly 

Theoretically, this ‘syntheUc coal’, produced through 
‘Inkohlung’, as we called it, of cellulose, could be assumed 
to be a combmation of carbon, hydrogen, and oxygen of 
a struaure akin to certain unsaturated compounds of a 
tcrpenc-like character and apt to absorb a considerable 
quantity of hydrogen; through hydrogen absorption this 
compound would approach the class of heavy petroleum 
hydrocarbons Expenments, of a character analogous to 
the hydrogenation of oil, earned through during the sum- 
mer of 1913 demonstrated from the very start that coal 
produced from cellulose by the process of'Jnkohfung', when 
treated with hydrogen at a pressure of about 150 atm. at 
terrgteratures between 400 and 430° C can be transformed 
to about 80Vo into gaseous, liquid, and benzol-soluble 
products. 

These experiments, repeated with natural coal, gave 
practically the same results They formed the basis for the 
process of producing hquid and soluble compounds from 
coal for whidi a patent apphcation was filed m the autumn 
of 1913. This process soon became known under the name 
of Coal Uquf&rtlon. 

To prevent the iiuunous decomposmg effect of the con- 
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siderable heat developed duruig the absorption of hydrogen 
by the coal, we employed the latter in the form of a sus- 
pension with a suitable oil which is liquid at the working 
temperature The oil in this case has the same effect as 
the water in the process of ‘Inkohlung’ 

So-called younger coals and lignites proved more or less 
suitable for liquefaction, wood and lignin especially after 
previous Tnkohlung’ Coals poor in hydrogen and anthra- 
cites, the carbon content of which exceeds 85% m the 
ash-free substance, cannot be hydrogenated 
The gaseous part of the hydrogenation products mcludes 
methane and ethane and, in the case of hydrogenation of 
young lignites, a considerable amount of carbon dioxide 
The nitrogen of the coal is transformed to about 50% into 
ammonia, while the rest occurs in the distillation products 
in the form of organic bases Sulphur, for the largest 
part, escapes as hydrogen sulphide About one-half of the 
oxygen content of the coal reappears as water in the hquid 
portion of the reaction products, and the mam part of the 
carbon is present in the shape of light, medium, and heavy 
oils, the rest, which is poor in hydrogen and oxygen, being 
removed together with the ash as unliquefied substance 
When, m 1914, we took up the hydrogenation of heavy 
oils and coal on a technical scale, we faced the difficult 
problem of constructing technical high-pressure apparatus 
mto which liquids together with solid substances and gases 
could be introduced, there to be heated, mixed, and brought 
to reaction, allowmg at the same time the continuous dis- 
charge of the reaction products Technical high-pressure 
apparatus until then had been constructed only for gas 
reactions in the homogeneous system At that time, 
cylmdncal wrought or pressed steel vessels had been avail- 
able only up to a very limited diameter, so that we were 
compelled to make use of a reaction vessel of considerable 
length, 1 e 8 metres, in order to obtain sufficient reaction 
space We decided to arrange the reaction vessel m a hon- 
zontal position, the raw material being introduced on one 
side and the reaction products drawn out on the other, 
because in a vertically placed vessel, with its comparatively 
high column of liquid kept in lively agitation by the gas 
bubblmg through, intermixing of freshly added with partly 
worked-up material is liable to occur at any ume 
For the ongmally planned rotatmg apparatus a stationary 
vessel, equipped with a stirring arrangement, was sub- 
stituted. 

Constructing an appropriately shaped sturing-rod of 
8 metres length and dependable stuffing-boxes for its inser- 
tion mto the reaction chamber offered no less difficulties 
than the desigmng of durable valves to regulate the expan- 
sion of the reaction products, consisting of hquid, sobd, 
and gaseous substances, from 150 to 1 atm , or the devismg 
of mstruments for the exact measurement of flowing high- 
pressure gases In fact, not until 1924 had the technical 
apparatus reached its firuil perfection 
Takmg mto consideration the fact that thestrengthofiron 
IS unfavourably affected at the working temperatures of our 
process, we reframed from heating the high-pressure vessel 
from the outside to avoid any local overheating We 
designed mstead a special heatmg arrangement inside the 
reaction vessel, making use of a heat-transfer medium m 
the shape of a chemically mdifferent compressed gas, such 
as carbon dioxide or mtrogen, kept m circulation by a 
pressure-pump Through heat-exchange between the hot 
reacUon product and the cuvulatmg gas, the latter is heated 
to above 300° C. and enters the mantle surroundmg the 
reactum chamber after it has been brought to the requued 


final temperature m a special furnace The gas then returns 
to the circulating pump without being expanded This 
economic heating arrangement allows temperature to be 
maintained for several weeks with a vanauon of but a few 
degrees 

One of the most difficult problems to be solved consisted 
m findmg a practical way of feeding the coal continuously 
mto the reaction chamber The question was satisfactonly 
settled m 1920, when we adopted the method of mixing 
the powdered coal with a viscous oil, such as tar or the 
heavy part of the coal-hydrogenation product from a pre- 
vious run, to a pasty mass which is easily forced into the 
high-pressure vessel with the aid of hydraulically moved 
pistons 

The erection of the large-scale experimental plant at 
Mdnnhcim-Rhemau was started in 1916 Practical work 
was taken up in 1919 with the splitting of heavy, sulphur- 
contaming residues from Panuco and Persian oils and other 
products with a maximum throughput of 30 metnc tons per 
day Depending on the raw material, average yields of 
25-35% gasoline and 40-50% gas oil were obtained, the 
rest, consisting of heavy products, was converted mto 
lubricating oils, while a small percentage of asphalt and 
methane formed the waste products 

After the large-scale apparatus had sufficiently been tried 
out with oil. It served the working up of coal for some 
time The bulk of the experiments, mainly earned through 
from 1922 to 1925 and covering several thousand practical 
tests with some 200 different kinds of coal, was executed 
in a rotatmg experimental bomb, more extensive investiga- 
tions bemg earned out in a smaller umt of the large-scale 
apparatus havmg a daily capacity of about 1 metric ton 
and asomewhatsimpler heating arrangement 100 kg of coal 
were mixed with 40 kg of oil from a previous operation, 
some ferric oxide added, and the pasty mass fed mto the 
high-pressure apparatus together with 5 kg of hydrogen 
The output was represented by 128 kg of liquid and 
solid products, including 7 kg of water contaimng about 
i kg of ammonia, and 20 kg of gas from which 2 kg 
of gasoline could be washed out The oil obtained could 
be fractioned into 20 kg of oil with a boiling-point up 
to 230° C , 10 kg of products boiling between 230 and 
330° C, 51 kg heavy oils and asphalt, contammg the 
inorgamc constituents of the coal and the non-hquid or 
soluble coal substance, amounting to about 10% of the 
coal used The accurate workmg of the experunental 
apparatus made it possible that with a daily throughput 
of 1 metric ton of coal, all the materials employed could be 
accounted for m the final products with a total loss of 
but 1% 

The consumption of hydrogen averaged about 5% of 
the weight of the coal No difficulties were encountered m 
addmg considerably larger quantities of hydrogen by sub- 
mittmg the primary products to another treatment under 
high pressure, the result being a noteworthy increase m 
low-boiling products at the expense of the high-boilmg oils 

Some difficulbes were at first met with m trying to 
separate the heavy oil portions from the morgamc sub- 
stances, an Item of greatest importance m practical coal 
liquefaction We finally succeeded m findmg the proper 
way by submittmg the hydrogenation products to filtrabon 
m cell-filters at smtable temperatures It could be shown 
that the separation of the two bodies is better accomphshed 
the more completely the products leaving the hydrogena- 
tion apparatus have been submitted to the mfluence of 
hydrogen 
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From the heavy parts of the coal oil, lubricating oils of 
good quality could be produced 

To regenerate the hydrogen required for the oil-lique- 
faction process from the methane and ethane contained in 
the gaseous products of hydrogenation, we worked out a 
technical method on the basis of splitting these two gases 
at high temperature in the presence of steam Methane and 
steam interact with formation of carbon monoxide and 
hydrogen 

CH.H H,0 = C04 3H, 

If this carbon monoxide-steam mixture is allowed to pass 
over a contact substance m the presence of surplus steam, 
another molecule of hydrogen is split off 

CO f H,0 CO, f H, 

Thus every molecule of methane yields 4 molecules of 
hydrogen, and by converting part of the methane-ethane 
mixture in this manner all the hydrogen necessary for the 
liquefaction process can be procured The carbon dioxide 


accompanying the hydrogen can easily be separated after 
compression of the gases This method of producing the 
hydrogen required for the hydrogenation of oil is said to 
be now in use in the United States 
Our own work on the hydrogenation of coal and oil ter- 
minated in 1927 after we had demonstrated by large-scale 
experiments in a technical plant the possibility of practical 
application of the hydrogenation reaction to the conversion 
of petroleum residues and coal into disUllable oils, gaso- 
line, gas oil, and lubricating oils We made no systematic 
investigations as to the influence of contact substances in 
connexion with hydrogenation, though occasional observa- 
tions made in 1920 and 1921 pointed to a beneficial effect 
of catalysts upon the consumption of hydrogen by the 
mitial material The Badische Amlin- und Sodafabnk, 
whose hydrogenation process is founded upon our patents, 
at that time took up extensive and highly successful experi- 
ments m that direcuon with different catalysts which 1^ to 
the well-known hydrogenation processes as now practised 
by the I G Farbenindustrie A G 
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TEMPERATURES AND PRESSURES 
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Introduction 

Every investigator in the field of petroleum technology 
understands the tremendous part played by the hydro- 
genation and the dehydrogenation reactions of organic 
compounds, especially hydrocarbons If we turn to the 
historical development of chemistry during the last 35 
years, we can see that the year 1901 must be looked upon 
as the beginning of an extensive study of these reactions 
The French scientists Sabatier and Senderens discovered 
reduced nickel as a catalyst and studied hydrogenation at 
atmospheric pressure The author [9, 1901] studied hydro- 
genation and dehydrogenation under high pressure, and 
found a number of catalysts, the metals Fe, Zn, Sn, and 
brass, and their oxides FcjO,, CuO, ZnO, SnO, and NiO 
These catalysts later came to play an important part in the 
synthesis of various organic compounds 

The study of the hydrogenation reactions of organic 
compounds, especially hydrocarbons, preceded a discovery 
of the reverse reaction of dehydrogenation of alcohols 
and their almost quantitative conversion into aldehydes, 
ketones, and hydrogen under the influence of the above- 
mentioned catalysts [9, 1901] 

O 

CH,CH,OH i=; CH,C<f +H, 

In order to study the reversibility of catalytic reactions 
and also the kinetics of these processes it was necessary 
to build an apparatus which would permit the use of hi^ 
pressures and temperatures In 1901-3 it was impossible 
to find an autoclave in which reactions at 400-500" C and 
a pressure of 400 atm could be earned out In 1903, after 
many attempts, it was possible to construct a simple 
autoclave bomb, which satisfied the requirements for the 
study of high-pressure reactions, the main feature of this 
apparatus bemg a gasket consisting of a metalhc nng into 
which knife edges were fitted, the latter bemg placed m 
the head and the tube of the apparatus For the purpose 
of mixing the substances inside the bomb the apparatus 
was routed in different ways, and various stirrers were 
introduced 

The first experiments on hydrogenation and dehydro- 
genation of organic compounds gave some very valuable 


results In the first place it was shown that many caUlytic 
reacUons arc reversible at high temperatures, and it also 
appeared possible to observe various phases of the reaction, 
which, in most cases, cannot be done at ordinary pressures 
The speed of many reactions is considerably mcreased 
when pressure is applied, and it is possible to hydrogenate 
many substances which decompose at ordinary pressure 
and at the temperature of hydrogenation Finally, by 
introducing an excess of hydrogen mto the high-pressure 
apparatus the hydrogenation reaction can be carried to 
completion From the theoreUcal point of view, the study 
of high-pressure reaction of organic compounds is valuable 
in so far as it is possible to follow the course of the reaction 
from the kinetic viewpomt 

The indicated advanUges of carrying out hydrogenation 
under pressure were soon recognized by the chemical 
industry, and at the present time practically all hydrogena- 
uon reactions are conducted under pressure 

Hydrogenation 

The scheme at the bottom of the page shows various 
types of hydrogenation of chemical compounds The 
charactcnsucs of each type will be given later 

Normal Hydrogenation 

This type of hydrogenation is characteristic of the fact 
that molecular hydrogen combmes, under the influence of 
various catalysts, with the molecule of a given organic 
compound, which has double or triple bonds or an 
aromatic nucleus Similarly, substances containing oxygen, 
such as aldehydes, ketones, and ethers, can also undergo 
hydrogenation and change mto the corresponding alcohols 
o 

CH,C/ t H, -► CHjCH^OH 
H 

O 

CH.OH— CHOH— CHOH— CHOH— CHOH— C<f +H, 

CH,(CHOH),— CH,OH 
Hydrogenation can also go further m replacing the atoms 
of oxygen by hydrogen, the resulting substances being 
saturated hydrocarbons Under the influence of catalysts 
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It IS also possible to hydrogenate nitrogen derivatives [21, 
1922, 1927], such as nitnles and oximes, under ordinary 
as well as under high pressures This indicates the wide 
application of hydrogenation m organic chemistry 
All these hydrogenation reactions can be carried out 
according to the method of Sabatier and Senderens [23, 
190S], but in most cases the reaction does not go to com- 
pletion, and also not all substances can be hydrogenated 
because of the possibility of their decomposition Hydro- 
genation under hydrogen pressure makes it possible to 
complete the reaction as well as to conduct the reaction 
in the liquid phase, without fear as to the decomposition 
of either the startmg material or of the product From 
the very beginning of the investigation of the dehydrogena- 
tion and the hydrogenation reactions of organic compounds 
It became evident that in many cases there is a separation 
of carbon at ordinary pressure, but in the same reactions 
earned out under pressure there is absolutely no separa- 
tion of carbon This discovery, made in 1904 [10], un- 
doubtedly had a great significance in the development of 
the ideas about hydrogenation of organic compounds 
under pressure and led to the problem of obtaining liquid 
fuel from tars and vanous types of coal 
The first results of hydrogenation of organic compounds 
under the influence of an iron catalyst (iron walls of the 
bomb) were found during the investigation of the dehydro- 
genation reaction of alcohols The study of the decom- 
position of alcohols under pressure without any added 
catalysts, that is, under the influence of the iron walls of 
the autoclave alone, has shown that at high temperatures 
qnd pressures the final products are chiefly paraffin hydro- 
carbons, a small amount of polymerization products of 
ethylene, and water The high yield of paraffin hydro- 
carbons accounts for the fact that this type of decomposi- 
tion IS called parpffimc The non-formation of carbon can 
be explained by the fact that hydrogen, formed dunng 
the first phase of decomposition of alcohol, combines 
with, or hydrogenates, the fragments or radicals formed 
during further decomposition of the alcohol molecule 
Dunng the study of pyrolysis of methane it was found that 
carbon monoxide and dioxide are converted into methane 
[13, 1913] 

CO + 3H, CH4+H,0, CO.+4H, CH, 1 2H,0 

Later, during the study of the synthesis of methane from 
carbon and hydrogen under pressure and in the presence 
of a nickel catalyst, the author discovered that the reacUon 
of converting carbon dioxide mto methane is a reversible 
reaction, because under the given conditions water is able 
lo oxidize methane mto carbonic acid This reacUon later 
served as the means of obtaining hydrogen from methane 
The study of dehydrogenaUon of methanol has shown 
that this reaction is also reversible The results suggested 
that the gases formed in this reaction, i e carbon monoxide 
and hydrogen, can combme with each other to give 
formaldehyde, which, in its turn, can be hydrogenated to 
alcohol In view of the fact that zme oxide decomposes 
aldehydes into carbon monoxide and saturated hydro- 
carbons only to a small degree, Patart suggested this 
catalyst for the synthesis of methanol from carbon 
monoxide and hydrogen under pressure 
Further experiments on hydrogenation m iron auto- 
claves without the addition of any other catalysts have 
shown that hydrogen can combine with organic compounds 
which contam a double bond For instance, in the poly- 
merization of ethylene m an autoclave m the presence of 


hydrogen and under the mfluence of iron, a hydrogenation 
of the double bond takes place in the case of both ethylene 
and the products of its polymerization [II, 1906-7] 

Hydrogenation under the influence of various catalysts 
and under a molecular hydrogen pressure not only in- 
creased the speed of the reaction with different organic 
compounds and made the reaction go to completion, but 
It also made it possible to conduct, by correct choice of 
catalysts, a systematic and a selective hydrogenation Such 
catalysts as the metals Zn, Cu, Mn, Sn, and others, as 
well as their oxides, can be used for both hydrogena- 
tion and dehydrogenation, but only a few of these can 
serve for the purpose of hydrogenatmg mononuclear 
aromatic hydrocarbons Ordinary double bonds can be 
hydrogenated, regardless of position, by all the above- 
mentioned catalysts For example, on hydrogenation of 
allylbenzcne under pressure and in the presence of copper 
oxide one obtams propylbenzene as the only product, 
whereas on hydrogenation of the same compound in the 
presence of nickel or cobalt oxides it is possible to obtain 
propylcyclohexane The author has used selective hydro- 
genation, particularly m the case of hydrogenating the 
terpenes This rule applies also to the hydrogenation of 
compounds containing oxygen such as cugenol, anethole, 
and others 

In the presence of copper oxide only the double bond 
IS hydrogenated 

C,H,(CH — CH- CH,)(OCH,)OH(l,3.4) ( H 

-*-C,H,(CH.— CH CH,)(OCH,)(OH) 
It IS also possible to hydrogenate selectively eugenol and 
other organic compounds contaimng a double bond, using 
mckel oxide as a catalyst, if carried out in a cyclohexane 
solution and the temperature does not exceed 180-200'' C 
At higher temperatures hydrogenation of the aromatic 
nucleus takes place This method of hydrogenation of 
unsaturated hydrocarbons was successfully applied to 
prove the presence of aromatic hydrocarbons in the pro- 
ducts obtained by various processes of cracking, polymeriza- 
tion, and others Selective hydrogenation at a temperature 
not higher than 200-220“ C saturated all the double bonds, 
and the resulting hydrocarbons did not react with a per- 
manganate solution (the colour of a 2% solution of per- 
manganate did not change for a period of 5-6 mm ), nor 
did they dissolve in 96% sulphuric acid, but reacted very 
energetically with a mtrating mixture forming the nitro- 
compounds The hydrocarbons obtained by such a method 
dissolved in fuming sulphuric acid (15% SO,) and also 
could be hydrogenated under pressure and under the 
influence of nickel oxide at 3(X)-320° C , the products being 
naphthenes These hydrocarbons no longer dissolved in 
fuming sulphuric acid (15-20% SO,), nor reacted with a 
nitrating mixture At the present time, selective hydrogena- 
Uon IS one of the most reliable methods of distinguishing 
different types of hydrocarbons 

For the purpose of hydrogenaUon nickel oxide [11, 
1906-7] can be used very successfully instead of reduced 
nickel, because very often the reaction proceeds with 
greater speed, and also an extra operation of preparing 
reduced nickel is ehminated 

As contrasted with hydrogenation under atmospheric 
pressure, the reacUon under high pressure can be conducted 
m both the hqmd and the sohd phases Under high 
pressure the product m most cases remams in the hquid 
phase and hydrogenaUon proceeds with greater speed and 
goes to compleUon, especially if the hquid is sUrr^. 

It is also possible to conduct the hydrogenaUon of organic 
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compounds under pressure m water solution Many mono- 
and poly-sacchandes were converted into the corresponding 
hexites, mannites, sorbites, and dulcites by means of this 
method In the same way water solutions of aromatic 
and unsaturated acids were hydrogenated to saturated 
and naphthenic acids 

It IS mteresting to note that silico-organic compounds 
containing phenyl radicals, such as triphenyl or tetraphenyl 
silicanes, cannot be hydrogenated by heating with hydrogen 
under pressure and at temperatures up to 360° C in the 
presence of reduced nickel, thus showing that these com- 
pounds are more stable than the corresponding phenyl 
substituted methanes 

Finally, wc must note that hydrogenation under pressure 
can also take place with the solid salts of aromatic acids, 
these being converted into salts of naphthenic acids 
At the present time, hydrogenation under pressure is 
used to a great extent for the purpose of hydrogenating 
aromatic hydrocarbons, such as naphthalene (for the pro- 
ducUon of tetralin and decalin), various phenols, and 
aromatic acids 

Hydrogenation of various organic compounds using 
different catalysts was studied by many investigators Some 
of the most important works on hydrogenation under 
ordinary pressure were made by P Fokin [4, 1907-8], 
Skita [25, 1910], Willstatter [27, 1910, 1923], Paal [20. 
1905, 1914], Adams [1, 1922], Adkins [2, 1931], and 
Zelinsky [28, 1911-12] In their investigations parUcular 
attention was paid to the catalytic action of platinum and 
palladium An extensive study of hydrogenation under 
pressure was made by Brochet and Adkins, the latter 
paying special attention to the preparation of mixed active 
catalysts 

To give a general theory of catalytic reactions would 
be just as impossible as to give the same explanauon for 
aU ordinary chemical reactions Only a bnet discussion 
of the author s views are given here 
A catalytic rcacuon must be looked upon as a chemical 
process, and the reasons for the catalysis of a given reaction 
IS to be sought in the chemical properties of the catalysts 
and those substances which participate in the reaction It 
IS necessary to discover all the intermediate reactions which 
reproduce the catalyst For this purpose modem physico- 
chemical methods must be used The early dehnition of 
the catalyst, namely, that a catalyst only changes the speed 
of reactions, was found to be incorrect in many cases, and 
must be changed A catalyst repeats a chemical reacUon 
many times, being reproduced every time, and therefore 
It would be better to call it a mulu-actor or a polyactor 
The accumulated experimental data and perfected methods 
of studymg chemical reactions may make it possible to 
understand catalytic reactions 
For the explanation of hydrogenation and dehydro- 
genation reactions the author believes that it is possible to 
accept the most probable hypothesis of formauon of metal 
oxides with the aid of water, dunng which reaction hydro- 
gen is given off, the oxides oxidize the organic compounds 
by takmg away its hydrogen These reacbons can be 
represented as follows 

Me+H,0 ->■ MeO+H, 

MeO+C,H,OH -► Me+C,H»0+H,0 
This hypothesis is supported by the fact that metals 
and their oxides are catalysts for dehydrogenation and 
hydrogenation reactions, and without the aid of water 
these reactions do not take place In some cases it can 


be supposed that the metal takes hydrogen from the 
organic compounds, with the formation of the unstable 
metal hydrides These hydrides decompose with the 
separation of hydrogen, and the metal is regenerated 

Destructive Hydrogenation. 

When an orgamc substance decomposes at high tempera- 
ture m the presence of hydrogen it dissociates mto several 
fragments, or radicals, and hydrogen immediately com- 
bines with the latter, resulting m the formauon of saturated 
molecules of smaller molecular weights This type of 
hydrogenation is called destructive hydrogenation, it can 
be illustrated by the following reaction 


The presence of excess hydrogen and pressure prevents 
the formation of carbon, and saturated hydrocarbons are 
the product 

The mvesUgdtion of destructive hydrogenaUon was 
started by the author in 1 904-5 While studying the decom- 
position of organic compounds under pressure in iron 
autoclaves m the presence of hydrogen, it ivas noted that 
hydrogen also adds to the products of thermal polymeriza- 
Uon of ethylene 

The above-mentioned investigations were the basis for 
further study of hydrogenaUon under pressure of various 
organic compounds and led Bergius to the patented method 
of obtainmg liquid fuel out of tars, petroleum residuum, 
and certain kmds of coal This method of obtaining liqmd 
motor fuel is carried out on an industrial scale in Great 
Bntain, Germany, and in the United States In the author's 
opmion this method is not economical under present 
conditions, and cannot compete with the gasoline obtained 
by the cracking process 

The works of the author [15, 1925, 1933] and of other 
mvestigators on hydrogenation under pressure of unsatur- 
ated organic compounds with aromatic rings, such as 
naphthalene, fluorene, phenanthrene, in the presence of 
vanous catalysts, have shown that during the first phase of 
the reacUon hydrogen attaches to the aromaUc nucleus, 
and the rcsulUng hydrocarbon (not completely hydro- 
genated) decomposes into substituted mononuclear aro- 
matic hydrocarbons 

HC CH CH CH, 

Hc/\c/ N:h hc/\c/\ch, 

I I I +»H. >111 




CH CHj 



+ 2CH, 


CH 


The temperature at which such a reaction takes place is 
about 425-450° C , and the imUal pressure of the hydrogen 
pumped into the autoclave must be about 70-80 atm 
This destrucUve hydrogenaUon can take place in an iron 
autoclave under the indicated conditions without the 
addiUon of special catalysts 
The presence of sulphur compounds does not mterfere 
with destrucUve hydrogenaUon, and under these condiUons 
thiophene is completely decomposed. 

By means of destructive hydrogenaUon it is possible, for 
example, to convert orgamc compounds containmg oxygen 
into hydrocarbons, phenol and cresol mto benzene, 
toluene, &c 
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At the indicated conditions of temperature and pressure 
the aromatic nucleus is not decomposed, but if a catalyst 
which is able to hydrogenate the nucleus is used, there is 
more or less formaUon of naphthenes 

During the last 10 years destructive hydrogenation has 
been the object of extensive study in many countries Some 
of the most interesting work was carried out m France, by 
Kling and Florentm [17, 1926], m Germany, by the IG 
Farbenindustne [8], m the United States by the Standard 
Oil Company (Haslam) [7, 1930], in the U S S R , in the 
Institute of High Pressures and the Petroleum Institute by 
Klukvm, N Orlov, Belopolski, Nemtzov, and Khmov 

Hydrogenation under the Jouit Action of Catalysts. 

Although it wds long known that the addition of the 
product of a certain chemical reaction to the initial sub- 
stance considerably facilitated the course of the reaction, 
increasing the spe^ and lowering the temperature, these 
cases were umque and could not be explained The 
experiments of the author [12, 1910, 1912] in 1909-10 on 
hydrogenation of amylene under pressure in the presence 
of copper oxide showed that the walls of the autoclave m 
which the reaction was carried out had an enormous effect 
on hydrogenation Thus the hydrogenation of amylene 
m the presence of copper oxide in an autoclave made of 
phosphor bronze proceeds very slowly and does not go 
to completion, while the same catalyst put into an iron 
autoclave effects the reaction much faster and the hydro- 
genation goes to completion, the isopentane produced con- 
taming no traces of amylene This discovery undoubtedly 
influenced the study of hydrogenation of organic com- 
pounds, and smee then many substances have been sug- 
gested which may be added to the basic catalyst m order to 
mcrease its activity These substances are called promoters 

The first study of the combined action of catalysts was 
made using nickel and alummium oxides (2NiO, lAltOs) 
for the hydrogenauon of terpenes [12, 1910, 1912], cam- 
phor, bomeol, and fenchone It was shown that m the 
presence of nickel oxide the hydrogenation of the terpenes 
occurs only at 360-400“ C , and the reacUon proceeds very 
slowly and is accompanied by the formation of side 
products If alummium oxide is added to nickel oxide, the 
hydrogenation proceeds encrgeUcally at 190-200° C, and 
an almost quantitative yield of camphane and fenchanc is 
obtained 



Thus at 200° C , through the jomt action of two catalysts, 
one of which aids hydrogenation and the other which aids 
the dehydration, an energetic hydrogenation takes place, 
and from a cychc ketone a corresponding cyclic hydro- 
carbon IS readily obtained 

If mstead of an acuve hydrogenatmg catalyst we take 
a less active one, such as copper oxide or alummium, 
then in the presence of hydrogen the hydrogenation of 
terpenic alcohols will be different In spite of the fact that 
copper oxide is a hydrogenating catalyst of the double 
bonds, we cannot, m this case, obtam a saturated dicychc 
hydrocarbon, but instead an unsaturated terpenecamphene 
will be the product The hydrogenauon of camphor or 
bomeol mto iso-camphane in the indicated example, and 
also the experiments of Medsforth [18, 1923] on the hydro- 
genauon of carbon monoxide m the presence of reduced 
nickel and promoters, makes it possible to explain these 
reacUons m the followmg manner 


For camphor first we have the hydrogenauon of cam- 
phor mto bomeol, then the dehydration of bomeol with 
the aid of aluminium hydrate, the latter forming with 
bomeol a complex ether hydrate of alummium oxide 
A10(0H)+Ci.Hi,0 A10(OCi,H,.) HH,0 

During the dissociation of the ether the hydrogenation 
of the radical CioHx, into iso-camphanc takes place with 
great facihty under the mfluence of nickel oxide 
AIO(OC„H„)+H, -+ AIO(OH)+C„H., 

In order to explain the action of promoters m the 
formation of methane from carbon monoxide and hydro- 
gen the following scheme of reacUon is proposed instead 
of the cxplanauon of Medsforth 
If we assume that in the first phase of the reacUon 
formaldehyde and methanol are formed, then during the 
next phase, under the mfluence of the dehydrating catalyst, 
the formation of methyl ether may take place This 
reaction was confirmed by our experiments 
2CH,OH H.O I CH,OCH, 

Under the influence of a hydrogenaUng catalyst methane is 
very easily formed 

The use of promoters m the synthesis of methanol from 
water gas played a very important part We know that 
a great number of mix^ catalysts were proposed for the 
synthesis of this alcohol, and one of the most active 
catalysts found is a mixture of the oxides of zinc, chromium, 
and copper, where the basic catalyst is zme oxide, which 
only sli^tly decomposes aldehydes into carbon monoxide 
and saturated hydrocarbons 
The combined action of catalysts is also illustrated by 
the mteresting synthesis of hydrocarbons from water gas 
under ordinary pressure and at a temperature not higher 
than 200“ C, discovered by F Fischer [6, 1926] and H 
Tropsch [26, 1929] The catalysts used for this process 
consisted of the following nickel oxide, cobalt oxide, 
aluminium oxide, thorium oxide (with the addition of 
very small amounts, sometimes traces, of alkah) When 
water gas is passed through these mixed catalysts the main 
products of the reaction are paraffins and olefines At 
the present time this reaction is being studied from the 
viewpomt of maximum gasolme yield from water gas, and 
in the near future the process may be used on an mdustrial 
scale We caimot, as yet, form any defimte conclusions 
as to the theory of tlus reaction, but judging from the 
character of the participaUng catalysts, we can suppose 
that two catalytic reactions take place hydrogenation and 
hydration Under the conditions of the expenment 
(ordinary pressure and fairly low temperature) it can be 
supposed that the first product of the action of hydrogen 
on carbon monoxide is formaldehyde, which, accordmg 
to the expenments of A. Butlerov and others, very easily 
undergoes aldol condensation, the products of which are 
later hydrogenated mto alcohols, and from these either 
paraffins or olefines are formed 
It IS also possible that carbides are uutially formed which 
are later converted mto vanous hydrocarbons An example 
of such a reaction is the formaUon of paraffins and olefines 
through the decomposiUon of carbides of iron and man- 
ganese by dilute sulphuric acid as was shown by the 
experiments of Qoez, Hahn, and of the author. Further 
theoretical mvesUgabons must throw hght on this mterest- 
mg process Aside from the chemical properUes of pro- 
moters, thqy also aid m mcreasmg the surface of the 
catalyst, m facihtatmg absorpUon, m preventing the 
formaUon of large ciystals of the basic catalyst, and m 
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preventing the sintering of the latter, thus lengthening the 
life of the catalyst 

Intermolecular Hydrogenation. 

The term ‘intermolecular hydrogenation' is used for a 
double reaction, namely, one molecule of a hydrocarbon 
loses Its hydrogen atoms and this atomic hydrogen com- 
bmes with a molecule of another hydrocarbon, which can 
be hydrogenated under the given conditions Thus inter- 
molecular hydrogenation can take place without the 
introduction of molecular hydrogen This type of hydro- 
genation arouses great interest and was first observed by 
the author together with H Pines during the study of 
polymerization of ethylene under pressure in the presence 
of phosphoric acid Experimental work made it possible 
to clear up the entire mechanism of the latter reaction and 
to check quantitatively all products derived in the course 
of this reaction 

The accomplishment of hydrogenation without parti- 
cipation of molecular hydrogen requires condiUons 
favourable to the dehydrogenation of an organic compound 
formed during the reaction, on the other hand, an acceptor 
which can combine with the liberated hydrogen must be 
present A similar reaction of dehydrogenation and hydro- 
genation was observed in the action oi aluminium chloride 
on various aromatic compounds, as illustrated in R 
Scholl’s reactions [24, 1910, 1912] Interdehydrogenation 
takes place m the Fricdel and Crafts [5, 1883] reactions 
as well as in the reactions studied by Nenitzescu [19, 1931], 
where the formation of diphenyl, dicyclohexyl, dinaphthyl, 
and other hydrocarbons takes place It must be noted that 
the above reactions involve complicated transformations 
which are difficult to explam, and are sometimes followed 
by complete rupture of the molecule For example, during 
the action of benzene on azobenzene [21, 1922, 1927] m 
the presence of aluminium chloride the pr^uct is p-amino 
diphenyl 

2C,H,-rC,H,— N=N -C,H, -> 2p-NH,— C.H.- C,H, 

Here, m all probability, we have destructive hydrogena- 
tion by means of hydrogen which is liberated during the 
formation of diphenyl 

The reaction of aluminium chloiide and benzene and 
cyclohexane, studied by V Komarevsky and the author 
[16, 1934], proves the complexity of the action of this 
catalyst on the simple hydrocarbons, for both intermole- 
cular hydrogenation and destructive alkylation take place 
simultaneously 

Similarly, there is reason to believe that during the 
polymerization of olefines, especially ethylene, m the 
presence of alumimum chloride, there takes place an inter- 
molecular hydrogenation of the low-boiling polymers by 
hydrogen, which is hberated on formation of naphthenes 
following cyclation of higher polymers of ethylene The 
prelimmary investigations carried out by A v Grosse 
and by the author [14] confirmed these suppositions, but 
only further experiments will explain both the character 
of the resultmg hydrocarbons and the whole mechanism 
of this interesung reaction It must be noted that another 
explanation of the formation of paraffins during the 
polymerization of ethylene is possible [14], for the author 
has recently discovered a reaction of alkylation of paraffins 
and naphthenes by olefines in the presence of aluminium 
chloride 

C,H,4+C,H4 -> C,H„C,H, 

C,H„4 C,H. ->■ C.HuCjH, 
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This reaction can also account for the large formation of 
paraffins It is sufficient to add, for instance, some hexane 
to the products of polymerization of ethylene and it will 
undergo alkylation by ethylene, resulting in the formation 
of a number of vanous paraffin hydrocarbons If the 
polymerization of ethylene under the influence of alumi- 
nium chlonde still represents an unexplained reaction, the 
reaction of polymerization of ethylene and of other olefines 
in the presence of phosphoric acid gives a definite proof 
concerning intermolecular hydrogenation which takes 
place under the conditions of the experiment, the products 
being chiefly paraffin hydrocarbons The normal poly- 
merization of ethylene under pressure in the presence of 
phosphoric acid at 300-330° C consists in the formation 
of dimers, trimers, &c , of ethylene (that is, butylenes, 
hexylenes, and others) Investigations have shown that 
on the formation of tetramers of ethylene, i c octylenes, the 
latter are able to isomcrizc into naphthenes It was 
proved that in the fraction of ethylene polymers contain- 
ing octylenes, dimethylcyclohexane was present As the 
polymer chain becomes longer the cyclation of these 
polymers proceeds with greater case, and the fraction of 
ethylene polymers which boil above 225° C contains practi- 
cally no olefines, but only cyclic hydrocarbons Another 
reaction is noted, namely, dehydrogenation of naphthenes 
with the formation of aromatic hydrocarbons The liber- 
ated atomic hydrogen, coming m contact with olefines, 
such as butylenes, hexylenes, and others, hydrogenates 
them very easily, and as a result large amounts of paraffins 
are obtained in the low-boiling fractions of ethylene 
polymers Investigations have shown that such an inter- 
molecular hydrogenation actually takes place, and the 
amount of paraffins which could be formed usmg hydro- 
gen liberated on dehydrogenation of naphthenes was 
determined Analysis and calculations fully confirmed 
the suggested mechanism of the reaction, and it was shown 
that the products of the polymenzation reaction contains 
46% paraffins (18% of these being isobutane), 7% ole- 
fines, 21 % naphthenes, and 22% aromatic hydrocarbons 
Thus, dunng the polymerization of ethylene m the presence 
of phosphoric acid intermolecular hydrogenation takes 
place to such an extent that almost one-half of the product 
IS the product of hydrogenation The course of the 
polymerization of ethylene under pressure, but without 
a catalyst, is entirely different, for the product contains 
absolutely no aromatic hydrocarbons, and the rest of 
the hydrocarbons are distributed as follows 8% satur- 
ated hydrocarbons, 24% naphthenes, and 68% unsaturated 
hydrocarbons The formation of saturated hydrocarbons 
can be explamed by the hydrogenation of olefines by the 
atomic hydrogen which was liberated during the formation 
of either dicyclic compounds or of cyclic olefines con- 
taimng double bonds 

The study of mtermolecular hydrogenation and de- 
hydrogenation of hydrocarbons is very important in the 
chemistry of petroleum, and it may contribute towards the 
explanation of the process of petroleum formation in 
nature It would be very desirable to correlate the findmg 
of aromaUc hydrocarbons m different kinds of petroleum 
with their paraffin content At the present Ume, knowing 
the conditions necessary for the polymenzauon of olefines 
and diolefincs and the effect of catalysts on the course of the 
reaction, and further grantmg that petroleum was formed 
by the decomposition of animal and plant organic matter, 
the author concludes that the formation of several classes 
of petroleum did not require especially high pressures 
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and temperatures This view is shared by many mvesti- 
gators, and was especially developed by Brooks [3, 1934] 
The formation of petroleum cannot be proved by chemical 
reactions alone, and for an understandmg of petroleum 
formation in the depths of the earth it is necessary to 
look for biological as well as geological processes 


Poly-hydrogenation. 

Poly-hydrogenation represents a process which is com- 
posed of two reactions, one is the polymerization of the 
unsaturated hydrocarbons and the other consists in the 
hydrogenation of the polymers formed 

The first reaction can proceed thermically without the 
influence of a catalyst, but the second reacUon requires 
the influence of a catalyst Such a case was investigated 
by the author [11, 1906-7], for which purpose he used 
ethylene and hydrogen with iron serving as the hydro- 
genating catalyst A much more interesting case of poly- 
hydrogenation IS one where two catalysts, one for each 
reaction, are participating It is then found that the energy 
of one reaction aids the course of the other reaction, and 
the process proceeds more favourably in the desired 
direction with the formation of the hydrogenated polymer 


Hydrogenation of Inorganic Compounds. 

After the discovery of hydrogenation reactions of 
organic compounds under pressure it was interestmg to 
study the action of hydrogen under pressure on various 
inorganic compounds Beginning in 1909, the author and 
his associates have earned out experiments to determine 
the action of hydrogen on the salts of inorganic acids, 
oxides, &c 

In 1909, by the action of hydrogen under pressure, metals 
in crystalline conditions were separated from salts of 
metals For example, by means of hydrogen under a 
pressure of 25-30 atm and at a temperature of 125- 
150° C beautiful, well-developed copper crystals (more 


than a centimetre in length) are separated from a copper 
sulphate solution, sulphuric acid being formed, 

CUSO4-1 H,->Cu+H,SO. 

At a lower temperature we have first the precipitation of 
the basic salt, CuS042Cu(0H)i, followed by the separation 
of beauUful, magnificently formed, ruby-coloured crystals 
of cuprous oxide (CUgO), and finally at a higher tempera- 
ture copper crystals separate out 
Each metal has its corresponding critical temperature 
and pressure at which the separation of the metal takes 
place Thus it was possible to separate the following 
metals from the soluUon of their salts Cu, Ag, Zn, Cd, 
Hg, Sn, Pb, Rh, As, Sb, Bi, Co, Ni, Pd, and Pt 
On complete hydrogenation of acids the followmg 
products were obtained from sulphuric acid — hydrogen 
sulphide, from nitric acid — ammonia, from arsenic acid — 
arsemous acid, from chromic acid — chromic oxide, from 
carbonic acid — formic acid On the oxidation of phos- 
phorus by water, formation of hydrogen takes place, and 
the latter, being in statu nascendt, hydrogenates the phos- 
phorus which has not entered the reaction, giving as the 
product in the first phase of the reaction phosphine and 
phosphorous acid, which are later oxidized into phosphoric 
4P 1 3H,0 -> P.O, t 2PH, 

Finally, the hydrogenation of salts of inorganic acids 
leads to the formation of various complex compounds 
and natural minerals On hydrogenation of complex salts 
of iron such as K«Fc(CN), magnificent octahedrons of 
magnetite, Fej04, are formed On hydrogenation of copper 
nitrate the natural mineral Gerharditc, 

[cu(Ugcu)j(NO,).. 

IS obtained 

The study of hydrogenation and oxidation of inorganic 
compounds under pressure will undoubtedly furnish much 
valuable information towards an explanation of the forma- 
tion of minerals, for many of these processes undoubtedly 
take place under pressure and at an elevated temperature 
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THE HYDROGENATION OF PETROLEUM 

By R. P. RUSSELL 

The Standard Oil Development Company, New York 


The conditions under which commercial hydrogenation 
has been practised since the time of Sabatier have been 
restricted unUl the last few years to the use of (1) hydrogen 
at substantially normal pressure or 2 or 3 atm above 
normal, (2) hydrogen of a high degree of purity particularly 
with respect to such catalyst poisons as sulphur, arsenic, 
and the like, (3) powerful but sensitive catalysts of the 
type of reduced nickel, and (4) temperatures safely below 
those at which thermal decomposition of the stock to be 
hydrogenated takes place Coal and oil, both always con- 
taining sulphur, were not amenable to this type of hydro- 
genation, and It was therefore restricted to animal and 
vegetable fats and oils, pure hydrocarbons and also pure 
organic compounds By eliminating the catalyst and sub- 
stituting hydrogen pressures one-hundred fold greater than 
had previously been used, a high degree of liquefaction of 
coal was obtained, but the oils thus produced containedrela- 
tively large percentages of oxygenated bodies of the cresolic 
type, making the oils hard to crack or refine The research 
organization of the I G Farbenindustne, through their 
experimentation, recognized the need of greater hydro- 
genation intensity than was obtainable with hydrogen pres- 
sures then commercially permissible and developed a line of 
sulphur-resistant catalysts which materially speeded up 
hydrogenation and caused the elimination of all the oxygen 
from the hydrogenated product In addition, their long 
experience in the field of synthetic ammonia enabled them 
to devise apparatus and methods for better carrying out 
this type of hydrogenation in a continuous manner 

In 1927 the Standard Oil Company of New Jersey, 
through Its Development Company, joined with the I G 
in the further development and commercialization of this 
method of treatment, and erected special laboratones for 
high-pressure experimentation Previous efforts had been 
directed largely towards the conversion of coal to gasoline 
or the conversion of asphaltic crudes and residual fuel oils 
to distillate naphthas and gas oils Although work along 
these lines was continued with particular emphasis on the 
simplification of the process, much of the effort in co- 
operation with the I G was to broaden the use of the 
process The results of this work were first reported by 
Haslam and Russell in 1930 [4] 

Description of Process 

Hydrogen Production. The hydrogen used in the opera- 
tion IS obtained from natural gas or refinery gas according 
to the following typical reacUons 

CH4-^H,0= CO+3H, 

C0-FH,0 = CO,-FHi 

If refinery gas or sulphur-contaimng natural gas is used, 
provision must be made for removmg sulphur pnor to 
reformaUon to hydrogen The first reaction is earned out 
in tubes packed vnth catalyst and heated by duect finng 
in a radiant-type downflow furnace to a temperature of 
about 1,600° F at approximately atmosphenc pressure 
Following this, additional steam is added, and the second 
reaction is earned out using another catalyst at about 
830° F. The gas leavmg this stage of the operaUon is 


composed roughly of 77% hydrogen, 20% carbon dioxide, 
and 3% unconverted hydrocarbons and other gases The 
gas IS cooled with water and conducted to a holder for 
temporary storage pnor to compression Fig 1 shows 
a general view of this equipment 
From the hydrogen holder the gas passes through a 
moisture trap to the suction of the compressors where the 
gas IS compressed in several stages to a pressure of about 
250 lb per sq in (Fig 2) The gaseous mixture is then 
conducted to equipment for removal of carbon dioxide 
(Fig 3) This IS effected by scrubbing the gas in a bubble- 
plate tower with tnethanolaminc under the pressure 
mentioned above The dissolved carbon dioxide is sub- 
sequently stripped from the scrubbing medium with steam 
at atmospheric pressure, after which the stripped liquor is 
cooled and recycled to the absorption tower It is also 
possible to use water scrubbmg for removal of carbon 
dioxide The scrubbed gas contains more than 95 % hydro- 
gen and IS returned to the remaining stages of the com- 
pressors wherem it is raised to a pressure of approximately 
3,500 lb per sq m (Fig 2 ) 

Safety Precautions in Handling Hydrogen. Because of 
the explosive nature of hydrogen-oxygen mixtures, many 
precautions have been taken to guard against infiltration of 
air to the hydrogen stream Each compressor is provided 
with a recording oxygen alarm on its low-pressure side, 
which actuates a siren if more than 0 2% oxygen is present 
The combined discharge of all the machines is provided 
with a similar instrument In addiuon, a low-pressure 
alarm is fitted to the suction of each compressor This 
device is adjusted to sound should the suction pressure 
approach atmospheric Pressure is normally maintamed 
at about 10 m of water at this point by the hydrogen 
holder This holder, which acts as a surge chamber 
between the hydrogen-producing equipment and the com- 
pressors, has been provided with both high- and low-level 
alarms Special precautions have been taken in all buildings 
to provide a high degree of ventilation in order to sweep 
out any hydrogen which might be vented through accidental 
leakage Similarly, care has been exercised m construction 
to elunmate pockets beneath which this gas might collect 
Flow of Oil in Process The stock to be hydrogenated 
IS raised to operating pressure by steam-driven plunger 
pumps, the exhaust steam from which is employed in 
hydrogen manufacture The high-pressure pump house, 
which also serves as the control room for the carbon 
dioxide removal system, is shown in Fig 4 
The hydrogen from the compressors, together with 
recycled gas, is now mixed with the oil and delivered to 
tubular heat exchangers where the mutture is preheated 
by the hot hydrogenated products coming from the reaction 
chambers Following this, addiUonal heat is supplied m 
a fired pipe coil wherein the temperature of the mixture 
IS raised to about 700-850° F , after which it is introduced 
mto the reaction chambers In the present plants these 
drums are about 40 ft m length and mounted vertically 
Ordmanly several are connected m senes in each umt (see 
Fig 5) The reaction space is about 3 ft in diameter This 
free space is lined with a non-corrosive alloy and filled 
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with a sulphur-resistant catalyst Inasmuch as no coke 
IS formed in the process, and since the catalysts are ex- 
tremely rugged, the process is virtually continuous In the 
large-scale plants continuous runs of one year in length 
are usually made, after which shutdown is made to replace 
the catalyst This catalyst is restored to its original activity 
by chemical treatment Since the hydrogenation reaction 
is exothermic, an increase in temperature takes place as 
the oil and hydrogen pass through the catalyst bed This 
raises the temperature of the reactants to 750-1 ,000“ F 
or more, dependmg on the type of operation employed 
For this reason the amount of heat added in the fired coil 
IS relatively small 

From the reaction chambers the mixture of hydro- 
genated products and gas pass through the heat exchangers, 
a coolmg coil, and thence to a separator Here the gas and 
liquid products are separated under full pressure, the liquid 
being withdrawn to a low-pressure separator from which 
It passes to storage The gas from the high-pressure 
separator is conducted to a booster compressor where it is 
recompressed to full operating pressure for mixing with 
the fresh hydrogen commg from the compressors Gases 
which ate formed m the process are, in many cases, removed 
to a sufficient extent by solubihty in the hquid product 
However, high-pressure scrubbing equipment is provided 
for removal of these gases if necessary By this means the 
recycle gas coming from the high-pressure separator is 
scrubbed with oil prior to recompression in the booster 
compressors 

A general view of the Bayway hydrogenation plant is 
shown in Fig 6 Additional information on the operation 
of the process may be found by reference to Haslam and 
Russell [4, 1930] and Byrne, Gohr, and Haslam [I, 1932] 

Major Adaptations of Hydrogenation 

In each of the major appheaUons of hydrogenauon dis- 
cussed below the equipment and even the arrangement of 
this equipment is essentially the same, the results obtained 
bemg controlled by suitable alterauon of operatmg con- 
ditions 

There are seven adaptations of hydrogenation which 
appear to be of most immediate importance m oil relimng 
These arc 

1 The improvement of low-grade lubncating distillates to 
obtain high yields of lubricating oils of premium quahty with 
regard to viscosity-temperature relaUonship, Conradson- 
carbon content, flash-pomt, and specific gravity 

2. The conversion of parafllmc or aromauc gas oils mto 
colour stable gasolmes of low-sulphur and gum contents 
without producUon of coke or tar 

(а) Using high-temperature operation to produce high 
anti-knock gasoline 

(б) Usmg highly acUve catalysts at lower temperatures 
to obtam high conversions to gasohne of moderate 
octane number but excepUonal lead susceptibility 

3 The alteration of off-colour, mferior burmng oils, or 
light gas oils, to produce high API gravity, low-sulphur, 
water-white kerosines of supenor burning characteristics 

4 The production of Diesel fuels of high Diesel index, 
excellent colour, and low-sulphur content from low-grade 
distillates 

5 Conversion of heavy, high-sulphur content, asphaluc 
crude oils and refinery residues into gasoline and distillates 
low in sulphur content and free from asphalt, without 
concurrent formation of coke 


6 The desulphurization, and colour and gum stabiliza- 
tion of high-sulphur content, badly gumming naphthas 

7 Manufacture of new and specialized products, such 
as high flash-point safety aviation fuel of high anti-knock 
quality, and high-solvency naphthas for use as varnish and 
lacquer diluents, &c 

Improvement of Low-quality Lubricating Distillates 

It has been found that by hydrogenation it is possible 
markedly to improve inferior lubncating distillates Under 
the best conditions for this type of hydrogenation there are 
produced from 100 bbl of lubricating disUllate 103 to 108 
bbl of hydrogenated product containing from 60 to 85 
bbl of lubricating oil, somewhat lower in viscosity but 
much more paraffinic than the charge, together with about 
5 to 10 bbl of gasoline and from 10 to 35 bbl of gas oil 

Fig 7 shows results obtamed in an operation of this 
kmd upon a heavy Mid-Continent lubncating fraction 

Fig 8 shows products obtained by treatment of a West 
Texas lubricating fracuon 

The hydrogenated lubricating oils are characterized by 
high-viscosity index and high flash-points, both of which 
qualities are found in the Pennsylvania type oils The dis- 
advantage of high Conradson-carbon content possessed 
by Pennsylvania oils, however, is not found in the hydro- 
genated products, thus accounting for their low carbon 
formation in actual service Although not shown in 
Figs 7 and 8, from 80 to 90% of the sulphur in the feed 
stock IS eliminated by hydrogenation as hydrogen sulphide 
Other alien elements, such as nitrogen and oxygen, are 
also removed as gaseous hydndcs Colour is greatly im- 
proved, thus reflectmg the low Conradson carbons char- 
acteristic of hydrogenated lubricants These products have 
accordingly shown application in the manufacture of 
medicinal oils, white oils, and other products reqmring high 
purity Additional inspecuons of hydrogenated lubricating 
oils have been presented elsewhere [1, 1932, 2, 1932] 

Numerous engine tests, both in the laboratory and on 
the road, which have been carried out on hydrogenated 
motor oils, have demonstrated them to be superior to the 
highest grade natural lubricants, as regards oil consump- 
tion, carbon formation, valve gumming, and engine wear, 
both for conditions of moderate and severe service A 
description of some of these motor tests may be found in 
a paper by Haslam and Bauer [3, 1931] Extensive labora- 
tory and field-test results have been reported by Haslam, 
Russell, and Asbury [5, 1933] 

Production of Gasolines 

As indicated above operation for gasolme may be con- 
ducted according to two methods Each of these will be 
described separately below 

High Temperature Operation for High Octane Number. 
The production of anti-knock gasolines by this method of 
hydrogenation, although carried out in the same equipment 
as the other adaptations of the process, differs from them, 
in that the extent of hydrogenation is limited so that stable 
but non-paraffinic products are formed Sufficient hydro- 
genation to avoid the formation of coke or tar is permitted 
to take place A discussion of the thermodynamics in- 
volved in this type of operation has been reported by 
Sweeney and Voorhies [9, 1934] Recycle operabon has 
been largely employed, whereby material not converted to 
gasohne is recycled to the operation By this means a yield 
of 85 to 95% gasoline is obtained on the charge, the 
remainder gomg to gas 



pressure feed pumps Baton Rouge Hydrogenation Plar 







100 Gal Heavy MlD-CoNnN«NTLUBiucAiiNG Oil DimLLATE 

&iybolt'vi>couty At 100“ F 3,^M 

„ 210“ F 144 

VitcoutyioilcA 72 

Pour-point, “ F US 

Mash poioL “ F 540 

Conradton carbon, % 3 31 

I IlYDROnCNATION 


M DISnLLATION 


100 Gal Wear Texas LuaxicATiNa Oil Dutillate 
Gravity, “API 20 I 

Saybolt viacouty at 100“ F 1140 

, 140“ F 308 

210“ F 79 0 


M^al 


I 7 GAi Waxy Luawcatino Oil 


I LABORATORY DWAXED 


67 3 Gal Dewaxed : 
Gravity, “API 
Saybolt viKoiity at |00; 

Viacouty index 
Flaah-point “F 
Pour-point, “F 


Hyurolube ‘57’ 


Gravity, “API 

Sa^teU viicoiit; 

Viacouty index 
Floah-poinL * F 
FOur-point, “ F 


ID STEAM DISTILLATION 


LABORATORY DEWAXED 


63 3 Gal Dewaxed Lubricatino Oil 
Gravity, “API 29 I 

Saybolt viscosity at 100“ F 380 
210“ F 369 

Viscosity index 96 

Flash-point, “F 430 


.. i 


52 2GAL SAE Grade 30 Oil| 
Gravity, “API 2 

“'ayholt viscosity at 
100“ F 47 

a^bolt^ viacouty at ^ 

I Viscouty index 9 

' Flash-point, * F 47 

Poui-point, “ F 2 


W : 

fiacoti^at ^ 

Viscouty at 
210“ F 
Viacouty 
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The process has been found to be particularly applicable 
to aromatic, low anilme-point gas oils Table 1 shows two 
stocks together with the results of their hydrogenation 

Table I 

Production of Anti-knock Gasoline from Gas Oils 

Mid- Cahfonua- 
' Continent cracked 

Feed Slock 

Gravity, °API 
lEP.^F 

At 460° r , % distillate 
At 550° F % 

FBP, »F 
Sulphur, 

Aniline point, ° F 

Hydrogenated Froduct 
Yield, % by volume 
Gravity, “API 
IBP,“F 

At 212° F , % distillate 
At 284“ F , % ,. 

At 356“ F , % 

At 374“ F , % „ 

FBP,“F 
Octane no t 

Dissolved gum, mg per 100 c c 
Sulphur, % 

* As received from hydrogenation unit 

t Series ’30 engine at 212° F jacket temperature, 600 rpm, 
190-200 lb per sq in compression pressure 
The gasolines produced are low m sulphur content and 
gum content They pass doctor and corrosion tests after 
soda washing and are quite gum stable, in certain cases 
some treatmg has been necessary, but this has been small 
in amount Higher anti-knock quality is obtained from 
the more aromatic feed stock, or alternatively with less 
paraffinic charging stocks it is possible to obtain higher 
yields of gasoline of a given octane number, or much 
better octane numbers for a given yield This is brought 
out m Table 11 

Table 11 

Influence of Feed Stock on Anti-knock Quality 


General ckararler Highly | MoUeralely , Inter- Moderately Highly 
t^ feed stock paraffinic paraffinic mediate aromatic aromanc 



OLUneno otgaso- ' 

line «l 212° F* 72 75 85 92 'Above 

,1 I 

• See footnote t to Table I 

The value of these high anti-knock gasolines as blending 
agents is apparent In addition, the low-sulphur content 
of hydrogenated gasolines makes them advantageous for 
blending with naphthas having sulphur contents difficult 
to reduce to specification limits Detailed information on 
high-octane hydrogenated fuel has been reported by 
Haslam and Bauer [3, 1931] 

Operation for Moderate Octane Number and High 
Conversion In this method more acUve catalysU arc 
employed than in high-temperature operation By this 
means lower temperatures are possible together with greater 
throughputs and higher yields For example, in recycle 
operation yields of stabilized gasoline of 1 10 to 120% (by 
volume) on the feed are obtained Although the gasoline 
so made is of poorer octane number than the high- 
temperature product, it has high lead susceptibility and 


IS a stable and refined product except for the necessity of 
a caustic wash to remove hydrogen sulphide In view of 
these factors the use of these highly active catalysts is 
more favourable economically 
Results from recycle operation on three stocks are shown 
in Table III Th^ stocks range from a light highly 
aromaUc cracked gas oil to a heavy fraction from Coastal 
crude In the runs shown m the table, temperature in the 
reactor was adjusted to mainUin 60% fresh feed in the total 
feed to the unit It will be noted that in all cases 1 10 to 
120% by volume of finished, stabilized gasolme was 
obtained All these gasolines are high in colour, have 
virtually no gum, and are low m sulphur content They 
have normal distillation characteristics and arc highly sus- 
ceptible to tetraethyl lead, resembling in the latter the 
most lead-susceptible straight-nin gasolines 
Table III 

Production oj Gasoline from Gas Oils using Highly 
Active Catalysts in Recycle Operation 

Cycle gas Heuw L Tixa\ 
oil coastal gas oil 

Feed stock i 

Gravity, API 21 5 24 7 35 7 

Aniline point, ° r 52 157 163 

“/„ sulphur 0 20 0 12 

IBP,“F 388 428 3K6 

10% distillate dt 440 493 , 494 

50°; . 464 640 547 

90 502 598 

F B P , “ r 556 640 

Yulds 

%voI yield raw dist on Feed 122 5 118 2 114 2 

Estimated Stabilized Distillate ' 

yield 119 117 112 

Vnslabihzed distillate inspection 
data (Washed with soda I 

and/or doctor solution) i ' 

Gravity, API 57 7 62 2 66 3 

Distillate plus loss at 122° F ' 5 0 5 0 ' 8 0 

, 140“ F 8 5 9 5 13 0 

%at212°F I 28 0 33 5 35 0 

., 284“ r 1 55 5 61 5 64 0 

90% point 370 378 372 

FBP,°F 400 406 407 

Dist loss, % 3 0 2 0 3 0 

Colour Saybolt 1+30 i 30 ,30 

Preformed gum mg per 100c c ' 0 0 0 0 0 0 

Copper dish gum, mg per ' 
lOOcc : 12 24 06 

Breakdown time, min 240 I 240+ 240 f 

Doctor test ; pass pass pass 

Corrosion test pass pass pass 

Sulphur % 0 010 0 016 0 018 

Octane no , C F R (MM) ' 61 4 58 2 53 8 

Octane no , C F R (MM)+ ' 

Icclcad '75 0 '715 '69 8 

Operation with these highly active catalysts may also 
be conducted on a once-through basis Results from this 
method of operation are shown in Table IV It will be 
observed that approximately 110% of hydrogenated pro- 
duct IS obtained, consistmg roughly of 70% gasolme and 
40% gas oil As with recycle hydrogenation, the gasolines 
possess normal disUllaUon characteristics and are of good 
colour and low sulphur content They likewise require no 
treatment except a caustic wash, and have high lead sus- 
ceptibilities The gas-oil fraction is water-white, lower boil- 
ing than the feed, paraffime m character, and negligible 
m sulphur content Because of these charactenstics this 
gas oil is smtable for Diesel fuels (see below) or may be 
used as a cracking stock of excellent quality 
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Table IV 

Production of Gasoline and Paraffinic Gas Oil using 
Highly Active Catalyst in Once-Through Operation 


Feed Stock 


Gravity. ° API 
Anilme point ° F 
% sulphur 
1 B P , ° F 
10% distillate at 
50% „ 

90% „ 

FBP.-F 


Yields 

% vol yield hydro product on feed 
„ , gasoline (unstab ) „ 


' Naphtha I Venezuelan 
I bottoms \ gas oil 

{321 I 290 
I 114 ! 136 

I 0 28 0 90 

395 I 442 

, 432 I 479 

470 ; 550 

I 540 I 625 

598 652 

I 1118 1096 

73 4 56 0 

I 38 4 I 53 6 


Economic studies have indicated that hydrogenation is 
ordmanly most advantageously apphed to gasoline pro- 
duction by operating m conjuncuon with crackmg plants 
In this method, refractory cycle stock is drawn from the 
crackmg plant and charged once-through to the hydro plant 
using a hi^ly active catalyst The hydrogenated product 
IS distilled to remove the gasoline and the gas oil returned 
to the cracking operation The major results of this com- 
bmed method of operaUon compared to crackmg alone are 

(a) For a given amount of gasoline less crude is required, 
owing to the higher yields obtained by hydrogenation 
and 

(b) less fuel oil is produced, since no tar is produced in the 
hydrogenation process Detailed infoimation on an 
economic study of this kind has been presented by 
Russell, Gohr, and Voorhies [7, 1935] 

Production of High-grade Kerosines 


Xaw gasoline inspection data (unstab ) 
Gravity, ° API 
Distillate plus loss at 122° F 

140° F 

% distillate at 158° F 
.. , 212° F 

„ . 284° F 

.. 374° F 

FBP.°F 
Dist Loss 
Colour, Saybolt 
Sulphur, % 

Ocutie no C F R (MM) 

Gas oil inspection data 
Gravity, “ API 
Anilme point, ° F 
Colour, Saybolt 
Sulphur, % 

IBP,°F 
10 % distillate at 
50% „ 

90% „ 

FBP, "F 


75 S9 

100 I 146 
115 170 

I 26 0 I 43 0 

50 5 , 87 5 

'84 5 I 

. 401 I 327 

I 37 ■ 48 

, +30 1 +30 

0019 : 

54 8 I 666 


1+27 I 4 25 
I 0 02 ' 003 

415 I 335 

I 434 I 378 

I 453 I 436 

I 502 > 547 

548 ' 613 


High-suIphur content, low-gravity, off-colour kerosine 
distillates and poor-quality light gas oils may be hydro- 
genated to produce water-white distillates and burning oils 
of high quality In general these products meet specifica- 
tions as to sulphur, colour, and smoke tendency, with no 
other treatment than reduction to flash-point and viscosity 
requirements 

In this adaptation of hydrogenation it has been found 
desirable to start with a stock somewhat more viscous 
than the desired finished oil, with the result that in many 
cases the actual yield of finished high-grade burning oil 
has been greater than the amount of low-grade material 
of kerosine boihng range and viscosity originally present 
m the chargmg stock Liquid yields are from 1(X) to 105% 
by volume and the product contains from 65 to 85% of 
high-grade burning oil, the remainder being a gasoline 
This IS shown for a typical case in Fig 9 In Fig 10 are 
shown results where operation is conducted to produce a 
substantial yield of gasoline along with high quality burn- 
ing oil 


Table V 


Results of Hydrogenating Various Burning Oil Distillates 


Feed stock 


Gravity, ° API 
Ref oil viscosity* 

Sulphur. % 

% *400’ viscosity oilf in original 
Gravity, ° API of *400' viscosity oil 
Viscosity of ‘400’ viscosity oil 


West Cracked ^ 

Long Texas plant 

Low grade Alamatas Beach Light dis- | 

1 Mid-Continent | (Calif) (Calif) gas oil tillate ' Colombia 
I 40~2~1 41 1 364 , 368 , 35 3 , 39 0 36 1 

. 485 480 750 750 705 335 600 

I 0 221 I 0285 0 550 0 240 0 761' 0 157 | 0202 

, 58 I 90 I 38 40 30 100 ' 30 

I 41 2 400 , 40 0 399 1 39 1 1 390 I 389 

400 ! 450 380 400 410 335 400 


Volumetric recovery X 
Gravity, ° API of total product 
% sulphur of total produa 
% ’400’ viscosity oil in total product 
Gravity, ° API of ’400’ viscosity fracUon 
Viscosity* of ’400* viscosity fraction 
Sulphur, % 

Flash-point, ° F (Abel) 

Colour (Saybolt) 

% sulphur elinunaUon 

Improvement m API gravity of ’400’ viscosity 
fraction 


Results of hydrogenation 

I 106 100 .106 I 99 I 102 I 100 ' 

I 48 9 52 1 ! 46 0 , 45 6 54 2 I 45 8 

0 006 0 011, 0 022 0 025 1 0 026 1 0 024, 

83 '75 I 65 ,60 58 ,85 1 

460 ' 46 7 ' 43 0 ' 43 3 , 45 5 43 8 | 

415 I 380 I 410 ’ 400 375 335 | 

0007 ! 0012! 0013 I 0012 1 0 018 | 0 022 1 

107 100 '122 I 120 ' 109 128 

22 '25 I 17 , 25 25 25 | 

97 I 96 '96 [90 91 | 85 ^ 

I 48 I 67 I 30 i 34 ' 64 ! 48 ; 


West 

Cracked ' Texas 
Mid- Diesel 
Continent fuel 
39 7 , 305 

400 595 

0 334 ' 0 487 

100 40 

39 7 35 1 

400 400 


103 , 105 

47 2 51 0 

0 014 0 019 

80 I 65 

44 4 44 0 

360 360 

0 025 0 015 

106 115 

25 

96 96 

47 89 


* Saybolt Thermo viscosity of refined oil at 60° F 

t The term ’400’ viscosi^ oil is used to denote the fracUon of about 400 viscosity and above 100° F Abel flash-point As will be noted, 
the true viscosity of most of the cuts actually made was shghtly above or slightly below 400 
t Not includmg a small yield of recoveiy naphtha produced concurrently 
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Operation on a number of feed stocks has shown that 
burning oils at least equal to those obtamed from straight- 
run Mid-Continent or Pennsylvania distillates can be 
obtained from such stocks as California or Coastal frac- 
tions, heavy distillates from cracked Mid-Contment gas 
oils, and a number of others Table V shows a com- 
parison of the results obtamed with various feed stocks 
In Table V the quality of the burning oils produced may 
be judged by the gravity of the ‘400’ refined oil viscosity 
oil produced, this generalization having been proved by 
numerous lamp tests Thus a cut of 400 viscosity and 42“ 
API gravity would give a bummg test about equivalent 
to that of a 400-viscosity cut from Mid-Continent crude, 
and a cut of 400 viscosity of 45“ to 46“ API gravity would 
be equivalent to a Pennsylvania fraction of the same 
viscosity It IS interesting to note m this connexion that 
lamp tests of hydrogenated kerosmes have shown them 
to possess burmng characteristics considerably superior 
to those indicated by their viscosity-gravity relationship 


highest API gravity natural burning oils in physical 
characteristics Analysis indicates that by hydrogenation 
(a) olefines arc almost completely ehminat^, (6) the greater 
portion of the aromatics arc converted into naphthenes 
and paraffins, and (c) there is very little apparent effect 
on the naphthenes, probably since new naphthenes are 
formed from aromatics m the charge, thus offsettmg the 
improvement brought about as the original naphthenes 
are changed into more paraffinic compounds 

Production of Diesel Fuels 
As mentioned above, the gas oils produced in oncc-through 
operation for gasohne production meet all requirements 
for high-quality Diesel fuels, particularly when highly active 
catalysts arc used For example, in Table IV, Naphtha 
Bottoms yielded a gas oil of 75 Diesel Index As an addi- 
tional example, operation on a heavy Venezuelan fraction 
showed the results presented m Table VI when operated 
primarily for Diesel oil The high-gravity and aniline point 


I Gravity, ° API 
Ref oil VIS 
Colour 
} Sulphur, ”, 


100 Cal. 

Refinery Gas Oil 

35 4 ' Anihne point, ° F 147 

780 PM flash-point, “ F 112 
straw IniUal boiling-point, ° F 320 
0 75 Final boiling-point, “ F 643 


HYDROGENATION 


I Gravity, ” API 
I Ref oil VIS 
I Colour, Saybolt 


104 Gal 

Hvorocbnated product 

48 9 ' IniUal boiling-point, ° F 120 
290 ' Final boiling-point, ' F 588 

-F28 


26 2 Gal 
Gasoline 

1 Gravity, ” API 63 1 
, Colour. Saybolt -1-30 
, Sulphur, % 0 006 

Octane no 65 

, I B P . ” F 108 

I FBP,”F 335 


1 -- - 

i 74 3 Gal 

' Burning oil 

1 Gravity, “API 43 9 i Sulphur, % 0 005 

' Abel flash-point, ”F 103 Initial boiling- 
I Ref oil vis 405 I point, “ t 280 

I Colour, Saybolt -f23 ; Final boiling- 

I I point, • F 554 


I 


' 3 5 Gal 

I Gas oil 
I Gravity, “ API 
! 203° F Aniline 


Fig 9 Production of bummg oil 


All the hydrogenated burning oils have been found to be 
very stable 

The following pomts are worthy of note in Table V 
and Figs 9 and 10 

1 The sulphur ehminaUon is from 85 to 95% of the 
total, despite the wide variety of sulphur forms encountered 
in the different stocks used 

2 In contradistmcuon to other methods of buming-oil 
improvement now available, none of the charge is degraded 
The entire hydrogenated product consists of burmng oil 
and gasoline, both of which are more valuable than the 
charging stock In other words, hydrogenation reconstructs 
the undesirable constituents present m the feed rather than 
separatmg them as in solvent extraction 

3 All the stocks, although differing widely in mtUal 
chemical characteristics, after hydrogenation equal the 


indicate that this gas oil is of the paraffinic or paraffinic- 
naphtheiuc type with virtually no unsaturation It should 
be noted that this fraction meets all the requirements of 
a high-speed Diesel fuel in that it possesses 

(а) hi^ parafiimaty, 

(б) low pour-pomt, 

(c) low sulphur content, 

(d) water-white colour 

No treatment is required on the hydrogenated product 
except a caustic wash to remove hydrogen sulphide 
Conversion of Refinery Residues into Gasoline and Gas 
Oil 

The conversion of coal or heavy, asphaltic, high-sulphur 
content products mto high yields of gasoluie is probably 
the most widely discussed adaptation of hydrogenation 
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100 Gal 

Venezuelan oas oil 

Gravity, "API 290|1BP,*F 442 

Aniline point, ° F 136 j 10% distillate at 479 

50% .. 550 

90% „ , 625 

' FBP.'F 652 


HYDROGENATION 

109 6 Gal 


Gravity, “ API 
Distillation plus 
loss at 140” F 
% distillate at 
212” F 


56 Gal 
Gasoune 


672 , FBP,”F 327 

Colour , Saybolt -1-30 
14 6 I Sulphur, % 0 010 

Octane number, 

43 0 < C P R 66 6 


47 6 Gal 
Burning oil 


Gravity. “ API 
Ref oil VIS 
Colour. Saybolt 
Flash-point, “ F 
Sulphur, 


Fig 10 Production of burning oil and gasoline 


6 Gal 
Gasoil 

I Gravity ” API 43 1 

I FBP ”F 613 

I Colour, Saybolt 25 

I Sulphur % 0 03 


For the hydrogenation of heavy asphaltic crudes or 
residues from these crude oils or from crackmg processes, 
once-through liquid-phase operation may be earned out m 
the liquid phase to convert the heavy chargmg stock mto 
100% or more by volume of product of a more highly 
paraffime nature The gasolmc content may represent 
from 5% to upwards of 35% of the hquid product from 
this operation with 80 to 90% boiling below 700° F If 
a higher yield of gasoline is desired, the heavier part of the 
product may be recycled in the same unit In general, the 
apphcation of this adaption of the hydrogenation process 
would be to process these heavy asphaltic products in the 
liquid phase to produce small yields of gasoline and the 
remamder gas oil, with a total volumetric yield of 101 to 
104% , the gas oil would then be cracked to produce gaso- 
line in existmg crackmg equipment or converted mto 
naphtha by hydrogenation as previously described If the 
gas oil IS cracked m conventional apparatus, as much of 
the crackmg-plant tar as is needed for the production of 
steam and power m the rehnery would be used as fuel and 
the remamder returned to the hydrogenation unit It is 
believed, however, as pointed outpreviously,that,mgeneral, 
gasoline production can be earned out most economically 
using highly active catalysts operating on cracked cycle 
stocks to produce gasoline and paraffinic gas oil for subse- 
quent crackmg [7, 1935] 

Durmg liquid-phase hydrogenation the asphalt content 
may be completdy converted and 63 to 95% of all the 
sulphur m thechargmgstockehmmated Evenif the product 
chuged is hi^y asphaltic and of high-sulphur content, the 
gasolme produi^ is easily finished to give a low-sulphur 
content, gum-stable product The anU-knock value of the 
gasohne produced by this apphcation of hydrogenation is 
dependent somewhat on conditions, particularly the type 
of chargmg stock— crude residues from Smackover, Vene- 
zuela, Colombia, and similar crudes givmg higher octane 


number gasolines than residues from Mid-Continent crude 
The gds oil formed in the liquid-phase operation, maddiUon 
to having a relatively low-sulphur content, cracks to give 
a gasolme which finishes to specification easily even when 
the gas oil is produced by hydrogenatmg a crude or residue 
of high sulphur and asphalt contents 
Table VI 

Production of Gasoline and High Diesel Index Diesel 
Fuel from Venezuelan Heavy Gas Oil 
Feed stock 

API gravity 18 5 

10 mm distillate 

IBP ”F 432 

50% distillate at 521 

95% „ ., 590 

% sulphur 1 7 

fields 

vol yield gasoline on Feed 20 5 

% „ Diesel oil „ 87 8 

Gasoline (ran', unstab ) 

IBP ”F 106 

Distillate and loss at 140° F 5 5 

distillate at 158" F 7 0 

,. ., 212” F 30 5 

FBP ”F 340 

Colour, Saybolt -f30 

Octane no CFR (MM) 60 

Dteselfuel 

API gravity 35 0 

Aniline pomt ” F 188 

Diesel index 66 

Flash-point (P M ) ” F 170 

IBP "F 374 

10 % disUllate at 433° F 

SO”' „ , 606” F 

% at 700” F 77 

Colour, Saybolt -J-22 

% sulphur 002 

Pour-point, • F -40 
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Table VII 

Results of Hydrogenating Heavy Residues 


Product, % by volume 
Gravity, ' API 
IBP.-’F 
;.at212 F 
„ 284”? 

„ 374° F 
„ 400° F 
„ 460° F 
650° F 
„ 700° F 
sulphur 
gasoline* 

Gravity ° API of gasoline 
", sulphur in gasoline 


1 Topped crane Upton crude 



i 



f r f / 

Topped 

Nacona crude 

1 Cracking plant tar 

Feed 

1 Expt 1 

Expt 2 

Feed 

1 Product 

Feed 

Product 


107 7* 

100 5* 


1 101 5* 


98 9* 

23 4 

1 35 8 

1 35 1 

24 9 

1 37 5 

12 4 

23 5 

350 

1 138 


344 

1 130 

340 

153 


i 40 



' 40 


30 


1 85 



1 10 0 


65 


180 

24 5 


21 0 


12 5 

I 

22 0 

, 30 0 

1 0 

] 25 0 

05 

140 

1 65 

33 5 

, 410 

15 

1 36 5 


20 5 

405 

ns 

, 79 0 

34 0 

1 76 0 

34 5 

67 0 

66 0 

87 5 

' 86 5 

82 0 

85 5 

49 0 

82 0 

125 

0 198 

0 530 

0 760 

' 0 108 

0 702 

0 246 


22 0 

30 0 


1 25 0 


14 0 


57 3 

57 6 


608 


56 4 


0 034 

0 056 


0 049 


0 019 


Does not include a small yield of absorption naphtha produced concurrently 


Some typical examples of the once-through liquid-phase 
operation are given in Table VII, in which a comparison 
IS shown of the properties of three heavy feed stocks 
before and after hydrogenation All the asphalt present 
in the charge was converted into more paraflfimc type 
products, about two-thirds of the sulphur eliminated, and 
the entne product was a yellow distillate oil As another 
example, it was found, in hydrogenating a 7 2“ API 
gravity cracking coal tar, that the sulphur was reduced from 
211“ a in the charge stock to 0 49% in the total hydro- 
genated product The gasoluic in this product contained 
0 071 °u sulphur without further treatment 


Treatment of Naphthas for Elimination of Sulphur and 
Gumming Tendency 

In view of the facibty with which catalytic hydro- 
genation eliminates sulphur, this process has been used for 
the treatment of natural or cracked naphthas By a mild 
hydrogenation an unstable gasoline of high sulphur and 
gum contents may be rendered stable, with about 50% of 
the sulphur eliminated under such conditions of operation 
that the anti-knock value is lowered only to about the same 
extent as would result from a slight chemical treatment 
This phase of the process is referred to as ‘Hydrofining’ and 
may be carried out in such a way that no appreciable change 
is made in the boiling range of the naphtha Yields of 
95 to 99% on the feed are obtained The process may also 
be so operated as almost entirely to chminate sulphur from 
a cracked naphtha, with a small decrease, and in some 
cases an actual matenal increase, m octane number 
Operation may also be conducted to obtain mcreased 
volatility Depending upon conditions of operation, this 
treatment climmates from 65 to 98% of the sulphur m 
the feed stock and gives a gum- and colour-stable naphtha 
Table VIll shows the properties of acracked distillate before 
and after hydrofining In Table IX are shown results on 
the treatment of a 70% bottoms fraction from untreated 
cracked distillate The light ends from this distillate were 
not hydrogenated since they met specifications after a light 
chemical treatment It will be noted that hydrogenaUon 
and subsequent re-runnuig materially reduced the high- 
sulphur and gum contents m the bottoms fracuon Colour 
was raised from 17 Robinson to -{-30 Saybolt and volaulity 
improved 


Table VIII 

Hydrofining Cracked Distillate 


Gravity, ° API 
% sulphur 
Colour, Saybolt 

Octane no at 212° F (S 30 engine) 
Preformed gum, mg per 100 c c 
Copper dish . , „ 

IBP °F 
%atl40°F 
.. 158° F 

212° r 

„ 284° F 
„ 356° F 
.. 374° F 
FBP ‘F 


, Feed- I 

, cracked ^ Hvdrogenated 
dill I product 

! 54 9 I 56 3 

0 097 , 0 055 

yellow , +23 

816 ' 82 2 

77 3 , 3 8 

15 

' 88 ! 112 

50 

{ 120 

35 0 38 5 

' 69 0 


92 0 


390 


Table IX 

Elimination of Sulphur and Gum 


I Feed- 
I cracked 
{ heavy 
I naphtha 

Gravity,” API 1 47 2 

% sulphur 0 760 

Colour I 17 R 

Ocunc no at 212° F tSenes 30 engine)! 67 5 

Preformed gum, mg per 100 c c { 76 1 

Copper dish .. „ ., i 39 0 

Breakdown time, min I 90 

IBP 'F 1 178 

% at 158° F i 

., 212° F 15 

„ 284' F 37 0 

„ 356° F , 73 0 

„ 374° F I 78 5 

FBP °F I 484 

% Recovery i 98 5 


0024 
+30 S 
65 0 


High flash-point Safety Fuels 
In air and marine transportation the use of gasohne 
consbtutes an important hazard, owing to the tendency 
of gasoline to flash mto flame or explode through accidental 
igmuon Experience m the handling, stonng, and utiliza- 
Uon of kerosmes, cleaners’ naphthas, &c , has shown that 
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the danger from this source is negligible if the flash-point 
IS maintained above approximately 105° F 
Obviously, a high flash-point may be met by usmg close 
fractionation to raise the mitial boiling-point of the fuel 
With both natural and cracked products, however, this 
results in a fuel of octane number below the practical limits 
for the Otto-cycle engine The use of tetraethyl lead in such 
fuels in permissible amounts does not improve detonation 
sufikiently 

In contrast to this, it has been found that hydrogenated 
fuels of certain types have the best anti-knock qualities m 
their heavier fractions Because of this property, hydro- 
genation yields a high flash-point safety fuel of extremely 
good quality An extended discussion of hydrogenated 
safety fuels was published by Howard [6, 1922] Tabic X 
shows a comparison of the specihcations of commercial 
gasoline and kerosine with those of hydrogenated safety 
fuel 

Table X 

Comparison of Specifications of Various Fuels 

Hydrogenated 

A\ commercial i safety 

gasolim Kerosine fuel 


Table XI 

Production of High Flash-point Safety Fuel 
Feed stock 

Gravity, ° API 25 5 ' Aniline point, ° P 10 

Sulphur, % 0 89 I I B P , ° F 348 

Colour, Saybolt 8 ' rBP,°F 570 



• See footnote • to Table X 


Gravity. API 59 0 to 68 0 46 0 29 8 

IBP "F 90 ., 105 380 , 312 

End-point ” F 390 .. 435 550 406 

Abel flash-point ^ F -40 - 55 107 106 

Octane no 65 ,. 75 | below 50 87-95* 

Copper-dish gum, 

mg per 100 c c 5 , 7 , 10 


solvent naphtha is decidedly superior to the petroleum 
solvent produced by ordmary refining methods, and in 
addition can be made better than coal-tar products as 
shown in Table XII 

Table XII 


* Determined against isu-uclane and normal heptane blends on 
Series 30 engine 300° F jacket temperature, 600 r p m , 190-200 
lb per sq in compression-pressure Other octane numbers in this 
table wire obtained by the same method and conditions, except at 
the less severe jacket-temperature of 212° P 

In the production of high flash-point fuel the hydro- 
genated product from the unit is distilled into two cuts 
The bottoms fraction comprises the safety fuel, whereas the 
overhead cut leprcsents a high-quality light aviation fuel 
Table XI shows a typical example of the feed stock and 
the two products obtained 

The difference between the sum of the yields of the two 
products in Table XI and lOO'/o is represented by loss of 
feed to gas during the hydrogenation operation The two 
products are characterized by high octane number, low- 
sulphur and gum contents, and good colour Their high 
anti-knock value makes them suitable for blending purposes 
to replace benzene and tetraethyl lead 

Practical use of any high flash-point fuel requires special 
attention to ease m starting There are a number of 
solutions to this problem, most of which are in use at the 
present time 

High-solvency Naphthas 

As in the production of safety fuel, solvents are obtained 
under hydrogenating conditions analogous to those m 
the manufacture of high octane-number gasoline Low 
amline-point straight-run, or cracked light-gas oils serve 
as the feed stock The solvent power of naphthas so pro- 
duced IS usually superior to that of ordinary petroleum 
solvents Table XII compares a typical hydrogenated 
solvent with a petroleum solvent and a coal-tar solvent of 
similar boiling range 

In solvents of the type shown m Table XII, high solvency 
IS mdicated by low API gravity, low anihne-point, and 
high Kaun butanol value. On this basis the hydrogenated 


Comparison of Various Solvents 

Solvent naphtha 
I Normal 

' Ihdrogt noted ^ petroleum Coal-tar 
Gravity "API 316 51 9 33 1 

Colour. Saybolt 25 { 30 22 

Aniline point, ° F | —19* 147 | 17 

Sulphur, % I 0 06 ' 0 03 I 0 06 

IBP,“F I 293 ,311 302 

FBP °F I 412 ,413 i 378 

Kauri butanol valucf I 77 I 

* Extrapolated value 

t Standard testing method in the varnish and lacquer industry, 
denoting the amount of solvent naphtha which can be added to a 
standard Kauri gum solution without coagulation 

Table XIH 

Hydrogenated Solvent Naphthas 


FnKtion 200-275° F 275-36S’ I | 365-419° F i 419-460° F 

Gravity "API 50 6 , 34 0 26 2 19 6 

Spealic gravity 0 777 ' 0 855 0 897 0 937 

Colour Saybolt -1-25 , -1-23 H 23 0 

Doctor test pass i pass pass pass 

Corrosion (Cu) I , 

.. (Hg) I . I 

Sulphur, I 0 038 I 0040 0040 0042 

FUsh point, ’ F I 

(closed cup) ' 61 135 190 

Kaun butanol value' 55 | 76 77* 86* 

Dimethyl sulphate I ' 

value '24 62 87 ' 100 

Dduuon ratio , 1 9 2 8 2 6 I 2 4 

Aluluie point, ° F 1 52 -If -lOf j -33t 

1BP,°F I 168 270 352 410 

10% at 198 293 368 423 

50%.. 228 317 383 434 

90% „ I 279 358 412 I 458 

FBP,*F I 322 I 397 438 | 489 

* Kaun butanol values calculated from 50/50 blend of solvent in Kahlbaum 
benzene of 31 5 Kauri buunol value 
t Extrapotated value 
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In the production of solvents the hydrogenated product 
from the unit is fractionated into a number of cuts of 
desired boiling range In ordinary operation the following 
four cuts are usually made 

Solvent No 1 200-275“ F boihng range 

2 275-365“ F 

3 365-419“ F 

» .. 4 419-460“ F 

The relative proportions of these fractions, as well as their 
distillation characteristics, may be controlled by adjust- 
ment of feed-stock boilmg range Table XUI shows the 
properties of solvents 1 to 4 obtained by fracdonation of 
the hydrogenated product from a low aniline point, light- 
gas oil 


By the standard tests the hydrogenated solvents show 
a high degree of refinement The low sulphur content and 
ability to pass corrosion tests, both with copper stnp and 
mercury, meet the requirements for high-grade solvent 
naphthas As judged by Kaun-butanol values, dimethyl 
sulphate values, and amline pomts, the solvency powers 
of hydrogenated solvents increase with boiling-point 
These materials find application as lacquer diluents, 
paint and varnish thinners, rubber solvents, and resin 
solvents, as well as m a number of special uses where a 
combination of high-solvent power and controlled 
evaporation rate is essential Tests have shown these high- 
solvency naphthas to be equal to toluene and xylene as 
solvents for most of the resins now on the market [8, 1934] 
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THE HYDROGENATION OF COAL 

By J G KING, Ph D , A.R T C., F I C. 

Fuel Research Board 


Since the ratio of hydrogen to carbon is much lower in 
coal than in hydrocarbon oils, it follows that the conversion 
of coal into liquid fuel must involve the addition of hydro- 
gen For this reason the term hydrogenation has been 
applied to the treatment of coal under high hydrogen pres- 
sure and high temperatures, although the action ot the 
hydrogen in this case is more comprehensive than true 
addition The reactions which occur are complicated, and 
the final result is a compromise between (i) the true hydro- 
genation of complex hydrocarbons, (ii) the cracking or 
pyrolysis of these at the high temperatures involved, (in) the 
saturation of the unsaturated bodies formed by pyrolysis, 
and (iv) the reduction of oxygenated groupings to aromatic 
hydrocarbons The balance of these depends upon the 
conditions chosen, but the overall result is that the oil pro- 
duct has a higher hydrogen/carbon ratio than the original 
coal 

In comparison with other methods of obtaining supplies 
of liquid fuel from coal, hydrogenation possesses the ad- 
vantage of giving by far the greatest yield, the conversion 
to liquid being complete except for a proportion of gas 
formation and a small residue of unconverted coal 

The first attempt to hydrogenate coal was made by M 
Berthelot in 1869 [2], who treated coal with hydnodic acid 
solution at 270 C and obtained a yield of 60% of hydro- 
carbon oils Similar experiments have been made with 
other reducing agents, but the first practical advance was 
not made until 1924, when Bergius reported the successful 
working of a hydrogenation plant treating about 40 kg of 
coal per hour This plant was the result of earlier researches 
by Bergius StarUng with the production of spirit by 
heating petroleum oils to 450' C with hydrogen at 20 atm 
pressure, he later (1913) applied this treatment to artificial 
coal made by heating cellulose to 340“ C at 100 atm pres- 
sure for 8 hours [1 , 1933] Using a temperature of 400'’ C , 
he converted this product mainly into a material soluble in 
benzene The first patents of the Bergius process were taken 
out in 1914 (BP 18,232) Apart from the early papers 
by Bergius, little information was available of the process 
and little interest taken in it until the continuous plant 
at Rheinau came into operation in 1925 After that date 
interest was stimulated by the formation of many groups 
of investigators and later by technical applications of the 
process in Germany by the I G Farbenindustne and in 
England by Impenal Chemical Industries Ltd The in- 
vestigators in England were J I Graham and his co- 
workers at the University of Birmingham and the Fuel 
Research Station of the Department of Scientific and 
Industrial Research The mvestigafions as a whole have 
given birth to a considerable literature [3] dealing mainly 
with the reactions involved in the treatment of coal and 
with patent details The control of the patents relating to 
hydrogenation is now mainly vested in International 
Hydrogenation Patents Ltd , a company formed by the 
Standard-I G (a company promoted by the Standard Oil 
Company of New Jersey and the 1 G Farbenindustne), the 
Royal Dutch Shell Company, and the Impenal Chemical 
Industnes The exploitation of any hydrogenation process 
in 


by any concern outside these companies would hardly seem 
possible except under licence 

THE BERGIUS PROCESS 
A diagrammatic arrangement of the final form of the 
Bergius plant is shown in Fig I The coal was crushed to 
pass a 2-mm sieve, mixed with heavy oil or tar in the pro- 
pomon of about 2 5 to 1, and hydrated iron oxide (5% 
of the coal), and pumped at a pressure of 200 atm into one 
end of the first converter consisting of a horizontal steel 
cylinder closed at both ends by special joints and heated 
by gas through a lead-filled jacket Each converter was 
fitted with a paddle stirrer Hydrogen and coal paste 
entered at the same point of the converter, and the reac- 
tions involving liquefaction of the coal proceeded so 
rapidly that the product was sufficiently fluid to flow 
through the connecting pipe to the second similar con- 
verter Three converters in all were used, the coal being 
in process for about 2 hours The temperature used varied 
with the coal from 440 to 490° C 
Bergius added the iron oxide (‘luxmasse’) with the idea 
of fixing the sulphur of the coal which he considered dele- 
terious, but It has since been shown that the material has 
a marked catalytic effect on the reactions 

THE MODERN COAL HYDROGENATION 
PROCESS 

The reactions in the Bergius process took place essen- 
tially in the liquid phase In the modern process the coal 
IS first treated in one, or two, liquid phases, and then a 
portion of the product of suitable boiling range is further 
hydrogenated in the vapour phase Even so, the first stage 
in the liquid phase differs from the Bergius process by 
permitting the more complex molecules a longer reaction 
time and by the use of more active catalysts 
The complete process is best described in relation to a 
modern plant One conception of such a plant is shown in 
diagram in Fig 2 

The Liquid-phase Stage 

The coal is pulverized, mixed, or ‘pasted’ with heavy 
oil and catalyst, the latter being usually less than 0 1 % of 
the coal processed, and pumped with hydrogen at 250 atm 
pressure through a preheater into the bottom of the liquid- 
phase converter The temperature may be raised to the 
workmg level of 400-480° C in the preheater, or additional 
heat may be supplied in the converter The reaction 
products which vaporize are carried with the excess 
hydrogen, and the gaseous hydrocarbons formed, from the 
top of the converter and pass through a condenser into a 
separator, where the condensate collects and whence the 
‘residual’ gas passes to a gas-washmg tower, where the 
heavier hydrocarbon gases are washed out with a hydro- 
carbon oil and the remaming impure hydrogen is purified 
and returned to the process. 

The average time of treatment in the liquid phase is 
about 2 hours The heavier molecules exceed this tune, and 
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FLOW DIAGRAM OF HYDROGENATION PLANT AND REFINERY 



the lighter undergo a shorter time The reactions are 
exothermic H G Gnmm [10, 1931} has given a beat of 
reaction figure of 450 kg -cal per kg of coal converted mto 
middle oiL The crude condensate from the hquid phase is 
distilled and separated mto three fractions, (i) spmt up to 
200* C ; (ii) middle oil 200-300* C; and (m) heavy oil over 
300* C. A^ material which resists conversion mto vapor- 
ized products, ue. fusain, coal ash, and catalyst, u run con- 
tmuously from the converter, toge^ with a proportion of 
heavy oil, m the form of a sludge This sludge may be 


treated m vanous ways, by centrifuging or by carbonization, 
m order to recover heavy oil and a dry, sohd residue The 
heavy oil is returned, with the oil boilmg over 300* C. from 
the hqmd phase, to the beginning of the process, where it is 
used for pasting fresh coal. 

To remove the sohds, filtration, ombifiiging, or settling 
methods may be employed, usutdly after dilution with a 
lighter oiL The residual oily sohds are then carbonized 
and the oils obtained returned to the process The coke 
obtained serves as a fiieL 
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Vapour-phase Stage 

The middle oil passes to the second-stage or vapour- 
phase converter In admixture with hydrogen the oil is 
preheated almost to reaction temperature and the vapours 
pass through a bed of catalyst material, the beat of reaction, 
which IS very marked, bemg utilized to maintam the tem- 
perature at the requir^ level of 400-480” C The pressure 
in this system is the same, 250 atm The vapours leaving 
the converter are condensed, the oils passing to a dis- 
tillauon plant at atmospheric pressure, and the residual 
gas and surplus hydrogen to the gas-washing plant tor 
recovery of hydrogen 

The average time of treatment in the vapour phase is 
much shorter than in the liquid phase, and may be of the 
order of 1 minute only 

The process of condensation and separation may be 
substituted in both stages by a system of partial condensa- 
tion under pressure, the great advantage of which is that 
oils which are still in process remain under pressure, and 
the separated middle oil can be sent forward directly to the 
vapour-phase stage 

The hquid product is freed from water and distilled to 
give crude spint to 200° C and oil boiling above 200° 
The oil IS preferably reprocessed m the vapour-phase con- 
verter 

The overall thermal efficiency of the combmed hquid 
and vapour phase has been given [7, 1931] as 43 % and 
[14, 1935] as 40% 

Products from the Bergius Process 

The crude product from the Bergius process consisted of 
a black tar contaimng in suspension in a very stable form 
water, unconverted coal, coal ash, and luxmasse catalyst 
Separation of the water and sohds was difficult, and centri- 
fuging was the most satisfactory method The sohd-free ‘od ’ 
cannot be regarded as a true oil Only about 50% distilled 
up to 360° C The distillate consisted of phenols, bases, and 
neutral oil representing about 6%, 2 5%, and 22% of the 
ash-free, dry coal The residue boiling above 360° C con- 
sisted of a pitch much of which was insoluble in petroleum 
ether and was asphaltic in nature Further details of the 
composition of oils and spirits from the process have been 
pubhshed [6, 1935] 

Typical yields from a British coal are given in Table I 
The coal was treated at 450° C and 200 atm pressure 

Table 1 

Yields from the Bergius Process 
Yorkshire Coal 

Xof 

ash-free, dry coal 


Coal 100 0 

Hydrogen 5 7 

105 7 

Oil produced 

Spirit to 200* C no 

Oil, 200-300" C 17 5 

Residue, above 300° C 371 


Gaseous hydrocarbons. &c 20 0 

Carbonaceous matter 6 7 

Water OncludingNH,) 4 8 

Loss 86 


105 7 


In this table the amount of hydrogen shown is that of 
the hydrogen reacting 

Products from the Modem Process 
In the liquid-phase stage of the modern process two 
separate oil products are obtained One of these is a residue 
heavy oil u^ as recycle matenal, and the other is a light 
oil condensed from the exit hydrogen The latter is light 
brown in colour and free from suspended solid It consists 
of phenolic, basic, and neutral substances, and although 
obtained by condensation from the hydrogen it contains 
oils boiling up to 360° C Distillation gives a spirit boiling 
up to 200° C , which after refining is suitable for use as 
motor spirit A typical spirit, bp up to 170° C before 
refining, consisted of the following 

Aromatics 22 

Unsaturateds 4 

Saturated 74 

The proportion of spirit, middle oil, and heavy oil 
obtained naturally depends upon the workmg conditions 
By employmg a high throughput and a low reaction 
temperature, heavy oils are obtained m quantity These, 
however, possess no value either as bases for the prepara- 
tion of Diesel engine fuel or lubricants By further hydro- 
genaUon, K Gordon [8, 1933] claims to have produced a 
Diesel oil from a bituminous coal, but makes no such claim 
for lubricating oils M Pier [15, 1933] has claimed, how- 
ever, that similar heavy oil from brown coal will yield on 
further treatment some 20% of lubricating oil 
In the vapour-phase converter conditions are chosen so 
as to give as high a conversion of oil to spirit as possible 
m one passage through the catalyst without fomung an 
undue proportion of gaseous hydrocarbons Normally the 
treatment gives 55% of spirit, 5% of water, and 6% of 
permanent gas, the remamder being unconverted heavy oil 
which IS recycled 

The yields of products from the combined process are 
most readily considered m terms of complete conversion of 
the coal to motor spirit boiling below 200° C , it bemg 
understood that any less complete conversion giving fuel 
oil as an additional product would entail a lower consump- 
tion of hydrogen and a higher throughput m the vapour- 
phase converter. 

Typical conversion data are given in Table II The upper 
part of the table shows the hqmd-phase reactions, the 
middle portion the vapour-phase reactions, and the lower 
portion the combmed processes in which the coal has been 
converted almost completely to spint These data were 
obtamed on an expenmental plant, and the yield of spint 
in a plant of mdustnal size would be rather higher, 
K Gordon [7, 1931] claims 165 gal per ton of dry, ash- 
free coal from a plant treatmg 15 tons of coal per day. In 
Table II the liquid-phase yield is 1 10 gal of oil and 60 gal 
of spirit with the expenditure of 24,000 cu ft of hydrogen 
In the vapour phaU the yield is 1 10 gal of spirit for a 
similar expenditure of hydrogen The combm^ yield is 
170 gal of spu^t The figures for hydrogen are quoted 
m terms of hydrogen reactmg, le fomung oil, water, 
and hydrocarbon gases The net amount of hydrogen 
fomung oils and wato', and therefore not recoverable, 
IS much less than this, about 22,000 cu ft. The hydro- 
gen which forms gaseous hydrocarbons is recoverable, and 
m a commercial process will form the mqjor part of the 
requirements 
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Table II 


The Complete Hydrogenation of Coal 


Hydrogenation temperature " C 

H ydrog enation pressure Atm 

First stage in liquid phase 
Hydrogen reacting, cu ft per ton a f d coal 
Yields 

Spirit, b p < 200° C , gal per ton a f d coal 
Oil, b p > 200° C „ „ , 

Total oil , „ „ 

Second stage treatment in gas phase, of oil h p 200° C 
produced m first stage 

Hydrogen reacting, cu ft per ton a f d coal 
Yields 

Spirit, b p 200° C gal per ton a f d coal 
Combined figures for the two stagis 
Hydrogen reacting, cu ft per ton a fd coal 
Yields 

Spir it, b p <' 200° C , gal per ton a f d toal 
Properties of spirit from combined stages 
Distillation 

Fraction bp < 100” C, ”, of spirit 
„ bp 100-200' C 
Specific gravity at 15° O 
Octane number (motor method) 

Composition 

Aromatic hydrocarbons, of spirit 
Unsaturated „ „ 

Naphthene , „ 

Other saturated hydrocarbons ”, of spirit 


450^ 

200 

24,000 

60 

no 

170 


24.000 

no 

48 000 
170 


24 

7 

28 

41 


The refractory nature of the product from the Bergius 
process has already been emphasized The modem process 
yields a spirit as the mam product The refining of this 
spirit presents no difficulties The vapour-phase product is 
entirely free from acidic substances That produced in the 
liquid phase requires an alkali wash to remove phenolic 
substances The tendency to gum formation is not pro- 
nounced, and washmg with sulphuric acid of 60% strength 
IS sufficient to render the spirit sufficiently stable in this 
respect. When highly active catalysts arc employed the 
vapour-phase spirit requires no refining treatment other 
than an alkali wash 


Effect of Vanables on the Liquid-phase Stage 

The vanables which affect the conversion of coal to 
heavy oil in the liquid phase are pressure, temperature, 
nature of coal, time of contact, the catalyst, and the pasting 
oil Temperature and pressure are connected in their 
effects to a large extent, since high temperatures are neces- 
sary for the reactions and a high pressure is necessary 
to accelerate the hydrogenation reactions in preference to 
those of cracking or carbomzation Actually the reactions 
follow more nearly the course of direct hydrogenation, 
cracking, or pyrolysis of the hydrogenated products with 
hydrogenation of the molecuW fragments produced by 
cracking 

A wide range of coals can be treated by the hydrogena- 
tion process, but the ease of treatment and the yield of oil 
varies with the type of coal The most suitable coals are 
those containing from 80 to 84% of carbon and from S 0 
to 5 8% of hydrogen Coals of lower carbon content are 
readily treated, but give lower yields of oil owmg to their 
higher oxygen content Brown coals and Ugnites differ from 
bitummous coal m being influenced by different catalysts. 
Coals of higher carbon content are more difficult to hydro- 
genate, lequinng the use of higher temperatures and a 


longer time of treatment, both changes tending to a greater 
degree of cracking to permanent gas and therefore a lower 
yield of oil Of the macroscopic constituents of coal, the 
brights — vitrain and clarain — are the most easily hydro- 
genated, whilst dull coal — durain — is less easily converted 
Fusain is comparatively inert 
The following examples illustrate the wide suitability of 
British coals 


I Kent 

Yorkshire Lancashire N Stqffs ' coking 
steam coat coking cool ' loking coal coal 
Composition of coal | I 

Carbon, % 83 5 82 0 ' 85 1 , 87 5 

Hydrogen % ' 55 54' 56 '53 

Oil produced, 73 4 72 4 74 6 j 71 0 

One important factor in the choice of coal is freedom 
from inorganic impurities The average ash content of 
Bntish coal is about 4 5%, which means that, for every ton 
of coal treated, 100 lb ol residue must be withdrawn from 
the liquid-phase converter The abrasive action oi this ash 
on release valves would be considerable, and, in addition, it 
would greatly reduce the value as a fuel of the solid fuel 
produced by carbonizing the sludge after extraetion of the 
heavy oil which it contains Since the carbonaceous residue 
from the coal is from 5 to 8 % of the coal, the solid fuel from 
a coal containing 4 5% of ash would contain 30-40% of 
ash For both these reasons, it seems certain that the choice 
of coal for hydrogenation purposes will fall upon coals 
which can readily be cleaned to an ash content of the order 
ofl% 

The use of a coal containing little sulphur is not necessary, 
since the catalysts employed are sulphur resistant Indeed, 
sulphur appears to be beneficial in small amounts 

Similarly, chlorine is not harmful in small amounts, since 
the hydrogen chloride formed is beneficial in overcoming 
the possible harmful effects of alkaline inorganic consti- 
tuents In large amounts, however, it may be the cause of 
corrosion tioubics 

It follows from the Law of Mass Action that the rate of 
a reaction involving hydrogen is increased by raising the 
pressure and therefore the concentration of hydrogen 
Also, since hydrogen absorption means a decrease of 
volume, increase of pressure must favour hydrogenation 
The general effect of this can be seen in autoclave experi- 
ments, where the initial pressure is varied J C King [1 3, 
1936] quotes results for Beamshaw (Yorkshire) coal at 
445” C in the absence of an added catalyst 

Table III 

Effect of Pressure on the Hydrogenation of Coal 

Pressure atm | Products 

Initial I Maximum I Solids ' Water I Oil 

80 1 203 I 412 I '37 2 

100 I 245 26 1 6 1 I 502 

120 1 283 , 21 6 ' 64 I 567 


At the lowest pressure the product was still sohd The 
considerable increase in the amount of oil produced by 
increasing the pressure is shown by starting at higher 
mitial pressures of 100 and 120 atm respectively 
The general effect of increase of temperature is that both 
hydrogenation and crackmg reactions are accelerated, but 
since mcrease of temperature reduces the degree of hydro- 
genation possible, there is an upper limit beyond whidi it 
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IS not practicable to go In the case of pure substances the 
limitations of temperature can be determined, but with a 
complex material such as coal only the overall effect can be 
observed Since the object of the process is to produce oils 
and the formation of permanent gas is to be avoided, it 
follows that there must be some temperature at which there 
IS the best compromise between cracking and hydrogenating 
reactions This temperature is partly defined by the amount 
of hydrocarbon gas formed which is necessary to supply 
the hydrogen required 

The effect of temperature in a continuous system has 
been defined by K Gordon [7, 1931] for a fixed reaction 
time of 2 hours His results are expressed graphically in 
Fig 3 As the temperature rises the residue of carbonaceous 


TEMPERATUee VARIABLE 
REACTION TIME - 2 



Fig 3 Effect of temperature on the hydrogenation of coal 


matter decreases, the total yield of oil decreases owing to 
the formation of more gas and a little more water, and the 
natureof the oil changes At 420°C the proportionof spirit 
IS 22, while at 460° C it has risen to 48% of the coal The 
high-boiIing oil has decreased proportionately, but the 
amount of middle oil has not greatly changed It will be 
obvious from this Figure how the temperature in the hquid 
phase will affect the process Too high a temperature will 
give more spu-it without affecting the amount of middle oil 
passing to the vapour phase, but there may be a deficiency 
of heavy oil for ‘ pastmg' Too low a temperature will have 
the opposite effect 

These observations define the effect of temperature 
within the working range for the production of oil The 
reactions which occur in the heating-up stages are of 
importance m other directions It has been shown [12, 
1933] that the action of hydrogen upon coal first begins 
at about 320° C m the presence of a catalyst, oxygen 
being eliminated as water, and hydrogen combimng with 
the coal, these processes leading to the formation of 
increased amounts of resinous compounds The effect is 
so marked with some non-coking coals [5, 1931] that if the 


reactions be interrupted at this stage a solid product is 
obtained of high coking power, less than 0 5 % of hydrogen 
reacting to bnng about the change It is possible that this 
reaction may become of technical importance in connexion 
with coke manufacture 

Time of contact is also important in this connexion, and 
Gordon also shows [7, 1931] that increase of reaction time 
has the same effect as increase of temperature At 440° C , 
as shewn in Fig 3, an increase of reaction time from 2 to 4 
hours IS equivalent to raising the temperature 20° C 

Catalysts The catalyst to be used in the liquid-phase 
hydrogenation of coal has been the subject of a large num- 
ber of patent applications for both simple and promoted 
catalysts and variations in the method of application The 
most suitable catalysts for bituminous coals arc certain 
elements of the fourth group of the Periodic Classification 
These are titanium, germanium, tin, and lead, the most 
active of these being un Titanium is active only in associa- 
tion with iron Zinc also has some activity, while 
lodme IS a particularly active catalyst, and it is unfortunate 
that Its action upon the containing vessels cannot be pre- 
vented in order that this activity can be explored and made 
use of The failure of nickel, a well-known hydrogenating 
catalyst, is probably caused by the action of sulphur com- 
pounds, but some nickel compounds, e g nickel oleate, are 
active despite the fact that they are not stable substances 
under the conditions used 

Elements of the sixth group, molybdenum, tungsten, are 
less suitable for the liquid phase than for the vapour phase, 
but under chosen conditions, and particularly for brown 
coals and lignites, give good results They are not, however, 
active in small quantities like the elements of the fourth 
group The latter need be used only to the extent of less 
than 0 I % of the coal 

It has been suggested that certain coals may contain 
active elements such as germanium, and that such coals 
might be particularly suited to the process It is unlikely, 
however that the amount present in very clean coal would 
be sufficient, or that the use of less clean coal would be 
justified, simply to avoid the addition of catalyst 

The object of using a catalyst is to accelerate the rate of 
the hydrogenation reactions so that they may proceed at 
least as rapidly as those of cracking There is no reason, 
however, why the cracking reactions should not also be 
accelerated in the presence of a good hydrogenating cata- 
lyst A measure of the value of a catalyst is therefore 
obtained by observing the ability to reduce the temperature 
at which rapid combination with hydrogen takes place 
This may be done be measuring the rate of production 
of liquid products from coal L Horton, J G King, 
and F A Williams [12, 1933] have heated coal to reaction 
temperature in a stieam of hydrogen and measured the rate 
of production of oil The curves shown m Fig 4 illustrate 
the comparative rates Curve 1 gives the rate in the absence 
of a catalyst or a vehicle, the coal yielding 24% of oil up 
to reaction temperature and 38 % altogether In the 
presence of a stannous hydroxide catalyst (curve 2) the 
corresponding yields are 30 and 69% respectively 

An effect which is of the greatest importance is revealed 
by curves 4 and S These represent expenments in which 
the coal was treated in admixture with a heavy oil as in the 
full-scale process In the absence of a catalyst a curve is 
obtained which shows a much greater conversion to oil 
than m the case of dry coal, and m the presence of a cata- 
lyst the conversion is still further improved Since in this 
experiment the oils produced are contmuously removed 
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from the system, it follows that the action of the hquid 
medium takes effect m the early stages For this reason it 
can be deduced that the dispersive action of a heavy-oil 
vehicle is a most important factor in coal hydrogenation, 
quite apart from the practical value of the oil in formmg 
a pumpable paste This conclusion suggests that fine 
gnnding of the coal in admixture with the oil, in order to 
assist the dispersive effect of heat in the presence of the oil, 
would repay any additional cost it might incur, by accelerat- 
ing the rate of hydrogenation 


Effect of Variables on the Yapour-phase Stage 
The conversion of the middle oil from the distillation 
or fractional condensation of the liquid-phase product is 
chemically the same in prmciple as the treatment of the 
coal paste The condiuons chosen for pressure and 
temperature are those which give the best compromise 
between cracking and hydrogenation as regards yields and 
throughput From a study of the behaviour of pure com- 
pounds it can be deduced that the first action is that of 
hydrogenauon, and that this is followed by cracking of the 
hydrogenation products with simultaneous hydrogenation 
of the unsaturated products 
The optimum temperature m the vapour-phase converter 
vanes from 400 to 500° C,, depending upon the catalyst 
used and the type of product required Vanations can lead 
to either an aromatic or a naphthenic spint. Reaction 
begms about 3G0°C , both as regards decrease of molecular 
weight and reduction of oxygenated compounds Too high 
a temperature means that too high a proportion of the 
oil is cracked to permanent gas, and aim that the rate of 
deterioration of the catalyst is increased 
Chtalysts. As in the case of the hquid-phase process, a 
very large number of substances have been patented for 
application m various ways In this case the catalyst must 
be apphed m a granular porous form so that a large 


surface is exposed to the reacting vapour without freedom 
of passage being unpeded The expedients adopted to over- 
come this difficulty have been mainly deposiUon on a porous 
granular support such as alununa gel [14, 1934] or the pellet- 
ing of the finely powdered matenals The most promismg 
catalysts are compounds of molybdenum and tungsten, 
althou^ the halogens, particularly lodme, are asactive, but 
their application in practice is difficult Alkahs and alkahne 
earths are deletenous in that they accelerate coke forma- 
uon as in the liquid phase Molybdenum and tungsten 
are particularly active m the form of 
sulphides They are normally apphed 
in the form of their ammonium salts, 
converted to the trioxides by heatmg 
in air and to sulphides in use, either 
by the addition of sulphur or by the 
action of sulphur compounds in the 
raw material, this sulphur being 
converted to hydrogen sulphide 
Attempts to produce metallic cata- 
lysts of sufficiently high thermal 
conductivity do not appear to have 
been successful 

The reactions of hydrogenation- 
cracking are strongly exothermic, and 
difficulties arise m practice owing to 
local overheatmg m the catalyst bed 
This may be overcome by flooding 
with a less reactive oil such as a 
portion of the reaction product 
Metallic alloy catalysts of high 
thermal conductivity would be useful 
this connexion 

Vapour-phdse catalysts deteriorate 
dunng use owing to the cloaking of 
their surface with solid matter, poly- 
mers of high molecular weight or 
even carbon resulting from cracking 
The rate of deterioration is, however, 
extremely slow when the reaction 
conditions are carefully controlled In the case of molyb- 
denum and tungsten catalysts the catalyst may be revivified 
by oxidation with air at about 500° C , its full activity 
being recovered 

Further details relating to the vapour-phase conversion 
will be found in the article upon hydrogenation of tars, the 
treatment of low-temperature tar and tar distillates is con- 
ducted upon exactly similar lines 

Hydrogen 

The supply of hydrogen is an important factor m the 
hydrogenation process It is shown in Table II that ap- 
proximately 50,000 cu ft of hydrogen are required per ton 
of coal treated This hydrogen can be supphed by the mter- 
action with steam of the gaseous hydrocarbons produced 
in the process, but may be prepared direct from coke or by 
the separation of hydrogen from coke-oven or other gases 
It can be calculated that the entire process can become 
self-contained as regards hydrogen if about 15% of the 
carbon content of the coal treated is converted to gaseous 
hydrocarbons Under these conditions the yield of spint 
and oil would be about 72% 

COMMERCIAL DEVELOPMENTS 
The operation of the hydrogenation process on a com- 
mercial scale was first achieved in Germany at Leuna. The 
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raw tnatenal used was first brown coal m 1927, but this was 
later replaced by brown-coal low-temperatuie tar in 1929 
For the last few years both coal and tar and crude German 
petroleum have been treated, and the output of motor- 
spint has been about 250,000 tons per annum The costs 
of production have been high and the continuance of 
manufacture has been achieved only by the institution of 
a protective tariff of Is per gallon An association has 
been formed by the Reich Mmister for Economic Affairs 
for the further development of spint from brown coal 
The process adopted will probably be that of the I G 
Farbenmdustrie, and efforts will be made to mcrease the 
output at Leuna to 350,000 tons and to build additional 
plant m the Ruhr to produce 500,000 tons Since present 
German consumption amounts to about two million tons 
per annum, the above aims cover a large proportion of 
the requirements 

Commercial developments in Great Britain have been 
solely m the hands of Imperial Chemical Industries, 
Ltd , who are partners in IntemaUonal Hydrogenation 
Patents, Ltd 

Followmg experimental work upon a IS-ton per day 


plant Imperial Chemical Industries have erected a large 
plant which is mtended to treat 400 tons of coal per day 
Owmg to the low cost of imported petroleum spint it is 
necessary for this plant also to have the benefit of a pro- 
tective tariff if it IS to achieve commercial success For 
this purpose the Bntish Hydrocarbon Oil Production Bill 
was passed m 1934, guaranteeing the continuance of a tanff 
on imported spint of at least 4d per gallon for nme years 
from April 1935 The tariff is now %d 

K Gordon [9, 1935] has stated that the cost of the new 
plant amounted to £5,500,000 includmg existing plant 
brought mto service He estimates the output as 150,000 
tons of motor spint per annum, of which 100,000 tons are 
denved from coal and the remainder from creosote oil and 
low-temperature tar The cost of production has been 
given as about Id per gallon of spint obtamed Gordon 
estimates that the thermal efficiency of the process would 
be 40% if the hydrocarbon gas produced were reconverted 
to hydrogen 

The total production of spirit from the plant should be 
about 3 6% of the total consumption of spint m Great 
Bntain 
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THE HYDROGENATION-CRACKING OF TARS 

By J G. KING, Ph D . A.R T.C , F.l C 
Fuel Research Board 


The advances which have been made in the application of 
hydrogenation technique to coal and bituminous materials 
generally open up a promising market for tars and tar pro- 
ducts for which existing markets may become from time to 
time uncertam In this country approximately 1 5 million 
tons of tar are produced annually, and this finds a market 
af^er treatment mainly as road tar, creosote, pitch, benzole, 
toluole, xylole, naphthas, tar acids, tar bases, and naphtha- 
lene It IS impossible to indicate the relative amounts of 
these products, since as markets vary from year to year 
first one and then another shows serious over-production 
During the years 1931-3 the creosote market dropped and 
large quantities were sold at low prices, while in 1934-5 the 
difficulty was to dispose of pitch In Great Britain at pre- 
sent (1934-5) approximately half of the tar produced is 
distilled to give pitch, while the other half is treated to give 
road tar, light creosote, and benzoles only The figures for 
1934 were 

Tardiitilled Pitch produced 
Gas works 980.200 208,400 tons 

Coke ovens 462,800 156000 ., 

Others 38,280 15,900 „ 

1 481,280 380 300 , 

Road tar 770,000 

Conversion to motor spirit by hydrogenation-cracking 
offers a remedy for these troubles, since the market for 
spirit IS sufficiently large to absorb all that is likely to be 
made in this way On a commercial scale the application 
of this technique in Great Britain would not be economic 
at the prices at present (1936-7) prevailing for petroleum 
motor spirit, but, m the event of the protective tanff con- 
tinuing, the producer of tar would be certain of a profiUble 
market for the products he is unable to dispose of through 
normal channels 

In view of the variation in normal tar markets it will be 
apparent that the hydrogenation process must be capable 
eventually of dealing with high-temperature tars or even 
pitch as well as the more amenable materials such as low- 
temperature tar and tar distillates In view of the greater 
difficulty which attends the treatment of tars produced by 
the cartomzation of coal at high temperatures, much more 
attention has been given so far to low-temperature tar and 
tar distillates In this country the amount of low-tempera- 
ture tar produced is small, but in Germany large quantities 
of brown-coal tar have been produced and successfully 
converted into motor spirit and fuel oils 
The technique used for the hydrogenation of low-tem- 
perature tar and tar distillates is the same as that used for 
the second stage in the hydrogenation of coal, i e the 
vapour-phase treatment of the ‘middle oil’ obtained by the 
distillation of the crude coal oil from the first or hquid- 
phase stage It consists in passing the uapnnzed tar with 
hydrogen under pressure through a catalyst bed mamtained 
at the correct temperature 

At present the chief aim of the process is the production 
of low-boiling oils, and for this purpose the temperature 
employed vanes from 440 to 500’ C , the pressure of hydro- 


gen IS 200 atm or more, and a hydrogenating catalyst 
IS used to prevent the undue preponderance of cracking 
Under these conditions, in once-through operation, a 
normal low-temperature tar absorbs about 5 % by weight 
of hydrogen and yields a product which is completely 
soluble in petroleum ether (b p 40-60° C ), and contains 
only traces of tar acids The pitch, tar acids, and bases 
are completely converted to liquid hydrocarbons, sulphur 
IS eliminated as hydrogen sulphide, and mtrogen as 
ammonia The amount of spirit (b p up to 200" C ) is 
increased from 7 to 50 % or more 
The main reactions are the absorption of hydrogen 
(hydrogenation) and the production of low-boiling oils 
(cracking) It is apparent that a powerful hydrogenating 
catalyst is required Compounds of molybdenum and 
tungsten, especially the sulphides, are the most promising, 
and, since it is not possible to deal with all the catalysts 
described in the literature, it is proposed to discuss the 
subject mainly in relation to the use of molybdenum 
catalysts 

Although tars are complicated mixtures of organic com- 
pounds. the nature of these is known to a considerable 
extent, and light has been thrown upon the behaviour of 
tar by studying pure compounds under the same conditions 
of treatment By this means C M Cawley and C C Hall 
[2, 1934] have recognized three main types of reaction in 
the hydrogenation-cracking process 

(i) De-oxygenation reactions involving the removal of 
oxygen as water Those involving the elimination 
of nitrogen and sulphur as ammonia and hydrogen 
sulphide respectively may be included in this section 

(ii) Reactions in which hydrogenation precedes crack- 
ing 

(ui) Cracking reactions 

The de-oxygenation reactions may be typified by the 
reactions of the phenols In the absence of a hydrogenation 
catalyst, phenol and the cresols are fairly stable at 450° C , 
but dihydric phenols and pyrogallol are relatively unstable, 
and are decomposed to pitch, carbon, and water In the 
presence of a catalyst phenol begins to react with hydrogen 
at about 350° C , and at 450° is converted completely to 
hydrocarbons Cawley and Hall recognize three reactions 
la) De-oxygenation C,HeOH -*■ C,He followed by some 
hydrogenation C,H, -> C»Hi, 

(h) Hydrogenation followed by dehydration 
C,H.OH -> C,HuOH C,H„ 

(c) Condensation QH^OH ->• C,H, CgH* 

The extent of each of these reactions depends upon the 
temperature, the pressure, and the catalyst Condensation 
(c) IS a side-reaction and does not occur in the presence of 
a hydrogenating catalyst such as molybdenum sulphide 
The other reactions (a) and (h) proceed at approximately 
equal rates, e g with a molybdenum catalyst at 450° C 
ti» proportions of benzene and cyclohexane in the product 
are 45 35 

The cresols behave similarly to phenol, giving mainly 
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toluene, by reaction (a), and methyl cyclohexane, by reac- to carbon linkages in chains or saturated rings, it occurs 

tion (b) In the presence of a strong hydrogenating catalyst mainly under the influence of high temperatures, although 

the dihydnc phenols arc hydrogenated readily, and benzene its rate may be accelerated in the presence of certain cata- 

and cyclohexane result lysts Thus ethyl benzene in the absence of a catalyst yields 

If these results are applied to tar, it is realized that reac- 12% of benzene at 480° C , but in the presence of active 

tion (a) should be favoured (by raising the temperature as carbon yields 49% 

much as possible) in order to produce a spirit of high anti- The value of cracking reactions in reducing the molecular 
knock value and to save hydrogen, cyclohexane requires weight of the complex substances in tar is obvious By 

for Its formation four times as much hydrogen as benzene varying the temperature of reaction it is possible to alter 

Reaction (ii), in which hydrogenation precedes cracking, the boiling range of the product within wide limits There 

IS typified by the behaviour of the condensed nuclear hydro- are in the tar, however, substances which crack so readily 

carbons, of which naphthalene may be taken as an example that a hydrogenating catalyst must be employed to ensure 

Naphthalene is stable at 450“ C , but in the presence of that the rate of hydrogenation is at least equal to that of 
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a hydrogenating catalyst the tetrahydro derivative is formed 
at 35(MOO°C Abovethistemperaturedecompositionoccurs 
by the opening of the hydrogenated ring and benzene and 
Its homologues are formed At 450' C tetrahydronaph- 
thalene gives about 30% of such derivatives, and at 500° C 
90% The homologues of naphthalene behave similarly 

In applymg this result to tar it is apparent that since 
low temperatures (c 400° C ) favour hydrogenation while 
high temperatures favour cracking, it might be preferable 
to treat the tar in a two-phase process, consisting of (I) a 
low-temperature or liquid phase, and (2) a high-tempera- 
ture or vapour phase The effect of temperature is, how- 
ever, twofold, for while low temperatures favour a larger 
degree of conversion, higher temperatures give higher rates 
of hydrogenation It is thus possible and convenient to 
treat tar in a mixed-phase process at some temperature 
intermediate between the optimum temperatures for hydro- 
genation and cracking 

Finally, the cracking reactions (ui) can be considered as 
of special importance in view of their action in reducing 
the molecular weight and boihng-pomt of the components 
of the tar. Cracking is taken to mean the scission of carbon 


cracking in order to prevent the cracking reactions from 
proceeding too far A higher limit is thus set to the tem- 
perature at which the hydrogenation-cracking of tar may 
be carried out 

Technical Methods 

The course of the reactions described above decides to 
some extent the method adopted in the techmeal treatment 
of tars Factors which have an important influence are 
temperature, pressure, ratio of tar to hydrogen, and time 
of contact with the catalyst, but before considering these 
It IS desirable to describe the techmque adopted in the 
practical treatment of tar and the results which can be 
attained 

Although so much work has been done in Germany on 
brown-coal tar, an authentic description of the plant used 
IS not available For that reason it is proposed to describe 
the process in terms of a hypothetical plant. Fig 1, con- 
taining the essential features and to quote mainly the results 
obuined in experimental work on a semi-techmcal scale at 
the Fuel Research StaUon In Fig 1 the tar is pumped 
with hydrogen at 200 atm pressure into the heat exchanger 
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B, thence to the preheater A, where the mixture is further 
raised m temperature by external heat The heated tar and 
hydrogen then enter the converter C, which is convemently 
a tall cyhndncal vessel contaimng an enclosed catalyst 
chamber of smaller diameter, the annular space being tilled 
w;tb.ihenn 3 i insulati on matenal The tar vapours and 
hydrogen flow downwards through the catalyst bed and the 
products leave by the pipe P, passing through the heat 
exchanger to the condenser E The condensate is collected 
m the high-pressure receiver F, and the hydrocarbon gases 
and surplus hydrogen pass to the scrubber 7, where the 
former are washed out by hydrocarbon oil under pressure 
The liquid product m F flows steadily through a reducing 
valve C7 to a receiver H at atmospheric pressure A small 
proportion of hydrocarbon gas is liberated by the reduction 
of pressure The purified hydrogen is returned to the begin- 
ning of the process The hydrocarbon gases are recovered 
by releasing the pressure in K, the wash-oil being recu- 
cdated These gases may be converted into hydrogen by 
methods described elsewhere in this volume 

The reason for havmg a separate catalyst chamber inside 
the converter is to allow of the introduction of sufficient 
laggmg to keep the temperature of the pressure wall below 
180° C If this IS done, attack by hydrogen is prevented 
and the vessel may be made of mild steel In other parts 
of the plant, eg the preheater, where the metal has to 
withstand the full workmg temperature and pressure, alloy 
steels are necessary 

The reaction chamber need not be made of great strength 
since a pressure-equalizing line controls the pressure dif- 
ference between the chamber and the annular space, keeping 
the difference within from 1 to 2 atm 

The process is started by applying heat to the preheater 
and circulatmg tar until Ae temperature rises sufficiently 
in the reaction chamber for the exothermic heat of reaction 
to brmg it to the working level A very important factor 
m obtauung steady conditions of operation is the main- 
tenance of an even flow of raw matenal through the cata- 
lyst This is normally achieved by regulatmg the rate of 
passage of the hydrogen and the withdrawal of the residual 
gas, the input of tar, and the rate of withdrawal of the 
hquid reaction product from the high-pressure vessel F 

At a workmg temperature of 480° C the heat of reaction 
with low-temperature tar is of the order of 300 kg ^al p er 
. k^, and it can be calculated that, with a full-s&le' con- 
verter, very httle preheaUng of the raw matenal might be 
necessary, heat-mterchange between this and the products 
being almost suffiaent to cany on the reaction 

A semi-technical plant used m the Fuel Research 
StaUon experiments IS shown in Fig 2 In this case, owing 
to the small scale (throughput 1 2 to 2-0 kg of tar per 
hour) It IS necessary to heat the reaction chamber exter- 
nally This is done by a suitably lagged electrical windmg 
arranged in the annular space surrounding the chamber 
In this plant the hydrogen is not recovered from the resi- 
dual gas 

The plant is arranged for accurate control and the 
measurement of raw materials and products The results 
of experiments upon low-temperature tar, low-temperature 
tar oil, and high-temperature tar creosote are given in 
Table I The catalyst matenal used was igmted granular 
alumina gel, impregnated with ammomum molybdate and 
dned, the material contaimng 23% of this substance 
In use the ammonium molybdate is converted to molybde- 
num suli^de (MoS,) by the hydrogen sulphide formed 
from the sulphur compounds in the tar. 


Table I 

Hydrogenation-Bracking of Low-temperature Tar 
and Tar Oil, and Creosote 

__ _ _ 

L-t tar I oil | Creosote 

Temperature. ■’C ! 480 > 480 480 

Pressure, atm 200 ' 200 I 200 

Weight Balance ' | 

I Raw material '*-1(100 0 I 100 0 | 100 0 

Z Hydrogen absorbed S'V S5 SO i 64 

' 105 5 '~7o 5 0 fi o^' ~ " 

Spirit to 200“ C 42 3 68 6 I 55 9 

Oil above 200“ C 46 8 16 9 

Total oil '~'89f” 85"5 ‘ ' ~9r6~ 

Water 7 5 9 8 4 6 

^Hydrocarbon gas 7 4 7 8 I 8 4 

Loss 15 I 1 8 

[OJS' _ ~ lof o ~ ; 106 4 

Sp gr of raw material 1 058 0 965 j 1 065 

Sp gr of total oil 0 870 ' 0 808 0 861 

Volume Data ' 

One Treatment 1 

Spirit to 200“ C 55 83 ' 72 

Oil above 200” C 53 ; 19 ' 41 

Hydrogen absorbed, cu [ 

ft per 100 gal raw i 

material 10,000 8,500 | 12,000 

Complete Conversion to I 

Spu-it I 

Spirit to 200“ C 101 99 106 

Hydrogen absorbed, tu 
ft per 100 gal raw 

material 18,000 10 000 16,000 

Properties of the Spirit 1 

SpgrBtl5“C 0810 0 800 0 830 

Analysis, % by weigh! | 

Aromatic hydro- 1 

carbons 33 33 I 29 

Unsaturated hydro- 
carbons I 2 2 2 

Saturated hydro- i I 

carbons and naph- i I 

thenes 65 i ^ 

Amount below 100“ C , 

% by volume ' 17 18 18 

Octane number 75 75 | 80 

Tbe first half of the table shows the yields as percentages 
by weight when tar only is the raw matenal fed to the plant 
The data given m the second part of the table show the 
same yields on a volume basis and also the yields, &c , 
which are obtainable when the crude hquid product of 
hydrogenation is distilled and the oil boding above 200° C 
IS contmuously recycled 

In the case of low-temperature tar the product after one 
treatment is a clear, amb^-coloured od, completely soluble 
m petroleum ether (b p 40-60° C ) and containing about 
30% of spint boding below 200° C. In order to achieve 
this conversion 3 3 parts of hydrogen by weight of the tar 
reacts to form oil, 89 parts, water, 7 3 parts, and hydro- 
carbon gas 7 4 parts The tar has therefore bem converted 
mto approximately equal parts of spirit and od Re-treat- 
ment of the od increases the overall yield of spint to 
101 gal of spint per 100 gal of tar treated. The consump- 
bon of hydrogen is 180 cu ft per gallon of tar, but, if tte 
hydrocarbon gas formed were cracked with steam, 120-40 
cu it. of hydrogen would be recoverable from it, and the 
process would be partly self-contained in regard to hydro- 
gen requirements. 
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The temperatuie of tieatment is 480° C . and at this 
temperature the catalyst slowly deteriorates owing to the 
cloakmg of its surface with carbon and pitchy material 
The only preparation to which the tar is subjected before 
treatment is ^tration to remove dirt The tar then contains 
up to 2% of water, some finely divided dirt (‘free carbon*), 
and iron salts m solution It has been ascertained that the 
catalyst will retam a sufiSciently high activity for 30 days 
Reactivation is achieved by oxidation with air at a tempera- 
ture of 500° C when the initial activity is regained This 
penodic hfe is equivalent to 300 vol of tar per umt volume 
of catalyst or 400 lb of tar per lb of MoSt Deterioration 
IS measured by observing the specific gravity of the crude 
oil product, a decrease of specific gravity of 0004 come- 
spondmg roughly to a diminution in the weight yield of 
spirit of 1 0 

In the treatment of low-temperature tar oil and creosote 
the same phenomena occur, except that with the former the 
rate of deterioration is smaller, data for these raw materials 
are given later Low-tem^rature tar oil is therefore a 
particularly suitable raw material for the process, the 
crude product is a water-clear oil and the spirit produced 
by complete recycling requires very little refimng to give a 
motor fuel which is stable on storage 

The compositions of the final spirits from these three 
raw materials do not difier greatly They each contain 
about 30% of aromatic hydrocarbons, 65-70% of saturated 
hydrocarbons and naphthenes, and only about 2% of 
unsaturated hydrocarbons As motor spirit they have 
sufficient volatility, a reasonable octane number (75-80), 
and a gum content of only a few mg per 100 ml after 
6 months* storage in a steel drum 

The above yields of hydrogenation products were ob- 
tamed under more or less standard conditions, but in a 
commercial process the choice of optimum conditions 
would be mfluenced by considerations of throughput and 
the nature of the product required These arc, in turn, 
influenced by a number of vanables which affect working 
conditions The most important of these vanables are 
temperature, pressure, ratio of hydrogen to tar, time of 
contact of reactants, and the nature of the catalyst The 
effect of these variables upon the treatment of the above 
three raw matenals is descnbed below briefly, it being 
understood that the choice of condiUons in any plant would 
be made only after careful consideraUon of the effect of 
each variable so as to find the optimum conditions for the 
type of raw material treated In certam cases it will be 
apparent that the rate of detenoration of the catalyst will 
frequently be the deciding factor since it will most affect 
the total output For this reason it imposes a defimte 
limitation on the temperature of operation 

Effect of Variables in Vapour-phase Hydrogenation 

Preannre. It follows from the Law of Mass Action that 
the rate of any reaction mvolvmg hydrogen will be m- 
creased by an increase of the pressure and therefore the 
concentration of hydrogen Also, when hydrogenation 
mvolves a reduction of volume, the reactions must be 
favoured by increase of pressure For example, in the 
hydrogenation of naphthalene 


H, 
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the point of equihbnum will shift to the right as the pres- 
sure IS raised At atmosphenc pressure naphthalene is 
stable up to a high temperature m the absence of hydrogen, 
whereas at a high pressure of hydrogen it is converted at 
4(X)° C to tetrahydronaphthalene, which in turn decom- 
poses to benzene and its homologues at higher tempera- 
tures The general effect of mcrease of pressure in the 
hydrogenation of tars and tar products is therefore a 
greater absorption of hydrogen and an increase in the 
proportion of low-boiling material in the product The 
greater absorption of hydrogen means also a higher pro- 
portion of naphthenes 

Below 4(X)° C and at pressures of about 2(X) atm the 
effect of any further increase of pressure is small, above 
400" C the proportion of low-boilmg oils increases up to 
about 350 atm , at which pressure it appears to reach a 
maximum value At 480° C , for example, low-temperature 
tar gives the following 

Pressure, atm 100 ISO 200 300 400 

Spirit yield, % of tar 35 4 36 3 41 0 41 8 42 2 

In this companson the amounts of tar and hydrogen are 
proporUonal to the pressure, e g the throughput of tar at 
400 atm is double that at 200 atm 
If the pressure falls, or the temperature rises, so that 
crackmg proceeds more rapidly than hydrogenation, a 
pomt IS reached where the yield of spmit begins to dimmish 
rapidly In the above example (480° C ) this point is about 
200 atm , at higher temperatures it is higher, i e at 510° C 
It IS probably about 400 atm 
The important effect of pressure m reduemg the rate of 
deterioration of the catalyst is dealt with later 
Effect of Temperature The general effect of increase of 
temperature is that the rates of both hydrogenation and 
cracking reactions are accelerated, but the extent to which 
hydrogenation can proceed decreases Thus m the hydro- 
genaUon of naphthalene referred to above the equihbnum 
shifts to the left as the temperature is raised At a high 
temperature the effect may be considerable, so that an 
upper limit is imposed upon the reacuon temperature 
The rate of reaction increases with temperature, thus 
tetrahydronaphthalene, for example, is decomposed by 
temperature as follows 

Temperature, " C 400 450 500 

Substance decomposed, 3 30 90 

Phenol, similarly, is stable at 3(X) and is converted to 
benzene and cyclohexane at 400° at three times the rate 
obtaining at 350" C 

Temperature, ” C 300 350 400 450 

Degree of conversion, % nil 24 78 _100 

In the case of complex materials such as tar, only the 
overall effect of temperature can be assessed, and a com- 
promise must be made between hydrogenation and cracking 
so that the best conversion to hqmds of low boihng-pomt 
IS achieved without undue absorption of hydrogen or undue 
cracking to permanent gas At a pressure of 200 atm the 
action of hydrogen on low-temperature tar begins at about 
3(X)° C The complex molecules which form pitch on dis- 
tillation are attacked first to form oils which are soluble 
m petroleum ether (b p 40-60°) At this temperature the 
amoimt of cracking is negligible, but, as the temperature 
increases, cracking gradually increases unul an excessive 
amount of permanent gas is formed With increase of 
crackmg the amount of spirit rises to a maximum and then 
decreases. 
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The specific gravity of the oil produced forms a measure 
of the reactions, and is found to decrease linearly with 
increase of temperature within certain limits Since de- 
crease of specific gravity means an increase in the propor- 
Uon of low-boiling oils, the latter also increase linearly up 
to a point F S Sinnatt and J G King [4, 1935] give the 
following data for Fuel Research low-temperature tar 
treated in a continuous plant in the presence of a molybde- 
num sulphide catalyst 

Table II 


Effect of Temperature in the Hydrogenation-cracking 
of Low-temperature Tar 
Percentages by weight of tar treated 
femperaiurt C 

I _ _ 350 i 390 ' «0 430 ' «I0 i 510 


I Specific 
200 Spin! 



0970 ! 0930 I 0893 , 0 875 0 847 { 0815 


Although the data in Table II refer only to one through- 
put, the same general relations hold over as wide a range 
as 0 25 to 4 0 vol of tar per volume of catalyst space per 
hour 

The effect of pressure in reducing cracking is seen 
markedly in this table, at 510*' the difference in spirit yield 
between 200 and 400 atm is much more marked than at 
lower temperatures The change in the appearance of the 
product from low-temperature tar is interesting At 370" 
It is brown, at 410° dark orange and transparent, at 430° 
orange, and at 450° lemon coloured The effect of tem- 
perature upon the tar acids in the tar is similar to its effect 
on phenol, reduction begins about 350° C and is complete 
about 440° C 

Similar relationships hold with creosote (C M Cawley, 
C C Hall, and J G King [3, 1935]) 

Temperature, ° C 480 495 510 

Specific gravity of product 0 852 0832 0 8tS 

Spirit to 200- C , % 64 7 69 6 69 8 

but at 510° and 200 atm the degree of cracking is so high 
that the spint yield was httle better than at 495 ’ 

The important effect of temperature upon the life of the 
catalyst is dealt with below 

Ratio of Hydrogen to Raw Material In the case of low- 
temperature tar It is found that the yield of low-boiling oils 
IS sensitive to the molecular ratio of hydrogen to tar up to 
a ratio of 40 to 1 (taking the mol wt of tar as 250) Above 
this ratio an increase seems to have little effect The 
optimum ratio uicreases with increasing temperature 
Table III illustrates these conclusions 


Table 111 

Effect of Hydrogen-tar Ratio 



Time of Contact of Tar and Catalyst. The degree of 
conversion of tar to spirit decreases only slightly as the 
throughput of tar per unit volume of catalyst is raised, 
the decrease being less at lower temperatures, this is true 
between very wide limits The comparatively small effect 
of the time of contact is shown by the results in Table IV, 
obtained by treating low-temperature tar at 480° C and 
400 atm at various times of contact 


Table IV 

Effect of Time of Contact of Tar and Catalyst 

Time of contdct. 

mm _ 20 10 

Sp gr of liquid , 
prodiKt _ 0 811 0 83 ^ 

Spin! to 200“ c,::. 
by wt 56 3 1 47 5 42 2 41 3 36 5 


5 2 5 ! 1J5 

0 847 0 859 0 882 


The relatively large change in time from 20 to 5 mm 
causes a reduction in spirit yield of from 56 3 to 42 2 only 
Effect of Catalyst. The effect of the catalyst upon the 
different variables has already been discussed The follow- 
ing example illustrates the large part which the catalyst 
plays in the treatment of low-temperature tar 

Table V 

Effect of Catalyst in the Hydiogenation of 
Low-temperature Tar 
Pressure 200 atm Temperalurt. 450° C 


Sp gr 15“ C 
Tar acids, 

Yield of cnide product, 
Yield of spirit to 200“ C , 


Etpl Expl 

Original Hithuut , mlh MoSi 
tar catahit I calaivsl 
I 060 I 002 I 0 890 
19 18 ' 1 

95 95 

7 13 34 


The effect of the catalyst is seen in the complete reduc- 
tion of the tar acids to aromatic hydrocarbons and in the 
greater production of spirit 

The important features in the preparation of a vapour- 
phase catalyst are that the active agent should present a 
large surface to the reactants, should be in a robust form, 
should not offer undue resisunce to the passage of vapours, 
and should not deteriorate rapidly during use The results of 
deterioration may be less serious if the deteriorated catalyst 
IS easily reactivated Catalysts prepared in a pelleted form 
or absorbed on porous granules of inorgamc matenal fulfil 
these requirements and many methods of preparation are 
possible Metallic catalysts of high thermal conductivity 
would be valuable, but are not yet available in a sufficiently 
active form 

The effect of physical and chemical variables upon the 
catalysts used m the treatment of tars may be* explained 
with reference to molybdenum A molybdenum catalyst 
can conveniently be prepared from ammonium molybdate 
by impregnation on a porous support such as alumina gel 
or bauxite, followed by igmtion to MoO* and conversion in 
situ to molybdenum disulphide The behaviour of the cata- 
lyst in use IS best explained by reference to the specific gravity 
of the product When a fresh batch of catalyst is used, the 
specific gravity of the product decreases at first owing to 
the conversion of the molybdenum oxide to molybdenum 
sulphide, which is a more acbve catelyst, and then increases 
steadily, as the catalyst deteriorates, at a rate dependmg 
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upon the working conditions and the raw matenal In the 
case of tar products containing 0 S to 1 0% of sulphur the 
molybdenum is maintained m the form of the disulphide 
MoS« 

The effect of the different physical variables can be ex- 
plained in relation to low-temperature tar Under optimum 
conditions in the neighbourhood of 480° C and 200 atm 
a molybdenum sulphide catalyst deteriorates at a rate given 
by an increase of 0 006 in the specific gravity of the product 
per day, this corresponds to 1 5% on the spirit yield 
Increase of pressure decreases the rate of deterioration by 
speeding up hydrogenation, and increase of temperature 
increases the rate by tending to cause the deposition of 
carbon or polymers on the surface of the catalyst From 
a practical point of view the great effect of pressure in 
reducing the rate of deterioration is most important This 
IS demonstrated by the results of the treatment of low- 
temperature tar, shown in Table VI 

Table VI 

The Effeit of Preisme on the Rate of Deterioration 
of a Molybdenum Catalyst 

Increase of \ 

' ' \p Iff Decrease of 

produci spirit yield 

Pressure ' Ttmperaliiri per 10 vol lar per I vol 

atm I " C latalvM 

200 4«0 0 002 1 0 2‘> 

400 , 480 0 0004 | 0 07 

In this case the rate of deterioration at 400 atm is less 
than half that at 200 atm 

Similarly, temperature has an important effect on the 
rate of deterioration At 200 atm pressure the rates of 
deterioration are as follows, in the same units as for 
Table VI 

Im reuse of Decrease of 
\p gr spirit yield 

400" C 0 0008 0 30 

480° C 0 002 0 25 

510° C 0 003 0 70 

The rate of deterioration of the catalyst does not increase 
proportionally to the tar throughput, the rale, per unit of 
tar treated, decreases as the throughput is raised, i e as the 
time of contact decreases A measure of this is given by 
the data in Table Vll 

Table Vll 

Effect of Time of Contact on the Rate of Deterioration 
of a Molybdenum Catalyst 

_ , Increase in sp gr I Decrease in spirit 

nmeof of liquid product \ yield 

contact _ : . 1 ! 

mm per JO vol tar per I vol catalyst 

10 I 0 004 1 0 5 

5 I 0002 ; 025 

25 j 0 0013 I 04 

The rate of deterioration increases very shghtly, as the 
ratio of hydrogen to tar increases, up to a maxunum at 
the point at which the maximum activity of the catalyst is 
readied, and thereafter dunimshes 

The rates of deterioration of the catalyst when used with 
different raw materials are shown in Table VIII In this 
case the catalyst is m a more active form. 


Table VIII 

Effect of Raw Matenal on the Rate of Deterioration 
of a Molybdenum Catalyst 

Increase in sp gr Decrease in spirit 


^ of liquid product i yield 

' per 10 vol tar per 1 vol catal}st 
Low-temperature tar 0 006 1 5 

Low-temperature tar oil 0 0016 0 8 

Creosote 0 007 2 9 


Compared with low-temperature tar, low-temperature 
tar oil gives a much lower, and creosote a rather higher, 
rate of deterioration Such rates arc sometimes compared 
in terms of the volume or weight of raw material which 
1 vol of prepared catalyst will treat before its activity falls 
so low that it is not economical to use it further without 
reactivation By reference to the above data and to Table I 
the effects upon a sulphide catalyst of the above three raw 
materials can be compared 

One volume of supported catalyst will treat 

(i) 80 vol of low-temperature tar while the spirit yield 
decreases from 42 to 30% 

(ii) 480 vol of low-temperature tar oil while the spirit 
yield drops from 69 to 30% 

(ill) 90 vol of creosote while the spirit yield drops from 
56 to 30% 

In each case the minimum activity has been taken as that 
equivalent to a spirit yield of 30%, the starting yield being 
that normal to the raw material Comparison m this way 
IS rather against the low-temperature tar, a further decrease 
in the yield of spirit to 25% would permit the catalyst to 
be used for the treatment of 150 vol of tar 

High-temperature Tar 

Tars produced by the carbonization of coal at high 
temperatures, as m the manufacture of coal gas and metal- 
lurgical coke, are not amenable to hydrogenation in a 
mixed phase as in the case of low-temperature carboniza- 
tion tars These tars normally contain a proportion of 
refractory high-boiling materials which do not yield readily 
to hydrogenation and which may become adsorbed on the 
surface of the catalyst, thereby causing a rapid deteriora- 
tion of Its activity In addition the tars contam a high 
proportion of free carbon which may in part be deposited 
in the catalyst bed, thus acting as a filter This general 
statement is modified to some extent by the inherent dif- 
ferences in high-temperature tars Those which are pre- 
pared by the carbonization of coal in horizontal gas retorts 
or coke ovens are the most difficult, containing 10 to 20% 
of free carbon and having a pitch content of over 55% 
Tars produced in continuous vertical retorts, however, are 
less refractory, in that the coal is heated more gradually 
and the tars are removed at a lower temperature and even 
protected by steam Such tars contain only 2 to 5% of free 
carbon and about 40 to 50% of pitch They represent an 
intermediate stage between true high-temperature tar and 
the low-temperature tar described above Although they 
cause a vapour-phase catalyst to detenorate rapidly, they 
may be readily treated in a process comprising both liquid 
and vapour-phase treatment 

Little work has been done on the hydrogenation-crackmg 
of high-temperature tars, attention being given rather to 
the treatment of their distillates That the creosote from 
these tars is a satisfactory raw matenal has been shown 
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above The examination of high-temperature tars is now 
m progress Tar and hydrogen are pumped at 200 atm 
pressure into a reaction vessel mamtamed at 450° C , the 
catalyst being supphed in the finely divided state The 
greater proportion of the products is vaporized and leaves 
the converter m the stream of hydrogen while the remainder 
IS withdrawn in the liquid state The products are then 
distilled and the middle fraction treated in the vapour 


tar. Honzontal-retort and chamber-oven tars behave simi- 
larly Vertical-retort tar gives appreciably higher yields of 
oil boiling below 360° C , the ongmal tar gave on distilla- 
tion an oil yield of 69%, and on treatment a yield of 
78% The material insoluble m petroleum spirit in the tar 
was 43 8 and m the product only 9 8% There is a clear 
mdication that the free carbon in these tars is converted 
partially into liquid products In the case of the vertical- 


Table DC 

Pressure Dislillalton of High-temperature Tar in Hydrogen 
(Chenucal Reactions Ltd) 


Converter 5 litres capacity, throughput ^ 600 ml per hr temperature 430-440“ C , pressure -- 200 atm 


Yield, % by vol 

Constat insol in petroleum spirit* but sol in benzene, % 
Constat insol in petroleum spirit and insol in benzene, ‘ 
A8h,% 

Distillation, % by vol 
Oil to 360° C 
Pitch 

Chanctenstics of oil to 360° C 
Sp gr 
Phenols, % 

Distillation (Engler), °, 
up to 180° C 


Topped coke [ Topped v r ' Topped h r Topped chamber- 
oven tar tar tar oven tar 

[ Orig/na/| Hydrog ' Original \ Hydrog ' Original I Hydrog Original Hydrog 
1 167 j 1 083 ! 1 075 I 1 OIS ' 1 193 ' 1 122 ’ 1 143 1 034 

I 98 , 96 I I 94 98 

37 19 S I 33 0 8 1 i 42 3 | 29 0 S3 0 8 8 

80 I 23 I 88 17 i 133 I 94 , 173 09 

0 07 1 I I 

38 I 34 ,69 ' 78 25 I 54 ' 48 73 

60 I 41 I 28 19 <73 | 44 50 j 26 

I I 005 , 0 981 I j 1 030 ' 1 028 

102 , 175 ' I no I 169 


40 • 45 

I 14 3 16 5 

51 0 ' 50 5 

75 5 I 700 

! 960 I '94 0 


10 I ! 0 

90 I 70 

56 0 , I 36 0 

79 5 ' 

96 0 I I 91 0 


•bp 100-110° C 


Table X 

Results of Liquid-phase Hydrogenation 



phase The low-boilmg fracuon can be prepared for retort tar the free carbon is reduced from 8 8% of the tar 
sale without further hydrogenation treatment The high- to 1 7% of the product 

boding fraction can be prepared for the pitch or road-tar Some results for the bquid-phase hydrogenation of low- 
market temperature and bigb-temperature tars are given by Cawley 

By the courtesy of Messrs Chemical Reactions, Ltd , it [1, 1936] and are reproduced here m Table X 
is permitted to quote certam of their results obt^ed by The unsaturated and highly condensed compounds m 
the hquid-phase hydrogenation of high-temperature tars tar are msoluble in petroleum ether (b p 40-60° C ), the 
These results are given m Table DC, and show that the amoimt of material msoluble m this solvent is, therefore, 

hydrogenated tars contain a veiy much higher proporbon a useful measure of the degree of hydrogenation of a tar 

of distillable oils than the ongmal tar A topped coke-oven When low-temperature tar is treated m the presence of 

tar, for example, which gave only 38% of distillate, yielded 0 5% of a molybdenum catalyst at a tmnperature of 450° C 

after treatment at 200 atm 98% of a product whi^ gave and under a pressure of 200 atm. of hydrogen, this m- 

54% of disullate The profound change m this product is soluble material (25%) u completely hydrogenat^ to oiL 

shown by the fact that it contained only 22% of material At the same tune the boilmg range of the tar is considerably 

insoluble m light petroleum as against 65% m the ongmal lowmd and the tar acids are partially converted to hydro- 
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carbons The hydrogenabon product contauis no pitch in 
the usual sense of the word, the matenal boiling above 
360° C IS a distillable oil In effecting these changes, the 
amount of hydrogen consumed is 3% 

When high-temperature (horizontal retort) tar is treated 
under similar conditions the change is not so pronounced, 
as shown by the results m Table X, the extent of the change 
IS dependent to some extent upon the catalyst used The 
molybdenum catalyst appears to have very little influence 
upon the reaction, but m the presence of a tm catalyst the 
matenal insoluble in petroleum ether is reduced from S9 


to 21%, and the free carbon from 13 to 9% The pitch 
(by distillation) is reduced from 64 to 38% and appears to 
be unchanged in quality The H/C ratio of the tar is raised 
from 0 66 to 1 The net results of the hydrogenation are 
thus an increase of 2S% m the amount of distillable oils 
and a hydrogen consumption of 3% 

These results are not complete, the pitch could probably 
be further converted to oil by recycling or by employing 
a more active catalyst It is almost certam, however, that 
horizontal retort and coke-oven tars contain a proportion 
of refractory material which will not yield to hydrogenation 
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THE PRODUCTION OF WATER GAS FROM METHANE AND 
OTHER HYDROCARBONS 

By H M. STANLEY, B Sc., PI 1 .D., A M.Inst.P.T. 

The Distillers Company, Ltd 


Water gas, or blue water gas, is the name employed to 
designate the gaseous product obtained by the interaction 
of steam and coke, or other form of carbon, at elevated 
temperatures As carried out industrially at temperatures 
in the neighbourhood of 1,000° C, this reaction follows 
the course indicated by the equation 

H,04C->C0+H, 

The ideal water gas should, therefore, consist of hydrogen 
and carbon monoxide in equimolecular proportions In 
actual practice, however, small amounts of carbon dioxide 
and methane as well as nitrogen (introduced during the 
air-blow period) are also present, but the hydrogen and 
carbon monoxide are present in nearly equal proportions, 
and constitute the major part of the gas mixture 

The reaction between carbon and steam can also be 
effected at lower temperatures in the presence of certain 
active catalysts Linder these conditions the above reaction 
IS suppressed in favour of another reaction which yields 
hydrogen and carbon dioxide in accordance with the 
equation 

2H,0-I C->COs+2H, 

The extent to which these competing reactions take place 
depends mainly upon the temperature In the presence of 
an active catalyst the relative proportions of hydrogen and 
oxides of carbon in the reaction mixture at any temperature 
are controlled by the equilibrium constant of the well- 
known water-gas reaction 

H*0-f CO COa-f Ha, 

this equilibrium is fundamental in all considerations of 
water-gas production, and will be discussed later in greater 
detail 

It will be seen, therefore, that the manufacture of water 
gas at elevated temperatures as earned out industnally 
furnishes a gas containing approximately S0% each of 
hydrogen and carbon monoxide Nevertheless, the com- 
position of such water gas can be varied so as to contain 
carbon dioxide as well as carbon monoxide In the follow- 
ing discussion, therefore, the term water gas is used in its 
wider sense to denote any gas nuxture containing hydrogen 
and oxides of carbon in which the proportion of hydrogen 
to oxides of carbon may be varied within wide limits 

Utilization of Water Gas 

Water gas is used extensively as a gaseous fuel both 
for industrial and domestic purposes The main technical 
advantages in the use of water gas in admixture with coal 
gas are that its production represents a more or less 
complete gasification of the carbon content of coal, and that 
water-gas plants are very flexible in operation and can 
rapidly be started up Water gas can therefore be used, 
either carburetted or uncarburetted, to mix with coal gas 
in proportions suitable for controlling the heating value of 
the resulting mixture, or for supplementing coal-gas supplies 
dunng periods of peak load In modem gas manufactunng 
practice, water-gas plants are provided with suitable 
carburetting devices so that an additional control of calon- 


fic value is obtainable One senous objection to the em- 
ployment of water gas in admixture with coal gas for 
domestic purposes is that its high content of carbon 
monoxide renders such mixtures highly poisonous 

In addition to its value as a gaseous fuel, water gas is 
used extensively as a raw material for the large-scale pro- 
duction of hydrogen Enormous quantities of hydrogen 
for the synthesis of ammonia, for the hydrogenation of 
coal and hydrocarbons, and for the production of synthetic 
products by hydrogenation are now being prepaid from 
water gas Technical methods for the manufacture of 
hydrogen from water gas are discussed later The manu- 
facture of methanol and also of mixtures of methanol and 
higher aliphatic alcohols from mixtures of hydrogen and 
carbon monoxide constitutes one of the most remarkable 
developments of modem technical chemistry and shows 
clearly the potentialities of water gas as a raw material in 
large-scale organic synthesis The work of F Fischer and 
others on the catalytic production of liquid hydrocarbons 
from water gas is also of the most profound scientific and 
technical interest, although the large-scale application of 
this process is beset with difficulties 

Raw Matenals for Water-gas Manufacture 

The simplest and most abundant source of carbon for 
the production of water gas is obviously coal, lignite, and 
similar natural carbonaceous substances The pr^uc- 
tion of water gas from such sources is carried out on 
an enormous scale in many parts of the world An inter- 
mittent process is employed in which the fuel bed is raised 
to incandescence by blowing with air, after which the endo- 
thermic steam reaction is allowed to take place until the 
temperature has fallen to a lower limit, and the sequence 
of operations is again repeated 

From the point of view of the petroleum industry the 
cheapest raw material for the production of water gas is 
clearly methane, a hydrocarbon which constitutes by far 
the largest constituent of practically all natural gases, and 
which IS also present in large amounts in refinery gases and 
gases from cracking plants For these reasons, and also 
because of the ease of conversion of methane into water 
gas, this hydrocarbon may be regarded as oy far the most 
suitable raw material The lower homologues of methane, 
which are also present in petroleum gases, may also be used 
as raw matenals for the production of water gas, but they 
are more expensive and less abundant than methane and, 
moreover, are finding increasing application m other direc- 
tions On this account the methods for the conversion 
of methane into water gas have been extensively studied 
and appbed m large-scale operations, whereas little data 
IS available in regard to the use of other hydrocarbons for 
this purpose 

Conversion of Methane into Water Gas by 
Partial Oxidation 

The direct combustion of methane with oxygem, or 
oxygen-contauimg gases, gives rise to a variety of products 
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dq>endmg upon the reaction conditions Neglecting the 
transitory intermediate products of oxidation, such as 
formaldehyde, which are only formed under special condi- 
tions, the direct oxidation of methane can proceed in two 
different ways as represented by the equations 

2CH*+0, -> 2C04 4H,+ 18 kg -cal (1) 

CH4H 20, -- CO,-f 2H,0+214 kg -cal (2) 

A calculation of the equilibrium constants of these two 
reactions from available free-encrgy data indicates that, 
except at high temperatures, the values of K, lor reaction 

(1) are always smaller than those for reaction (2) It 
follows, therefore, that under conditions unfavourable for 
the occurrence of side reactions, such as short contact 
tunes and absence of catalysts for such side reactions, the 
combustion of methane with only sufficient oxygen for 
equation (1) will proceed very largely according to reaction 

(2) , I e mixtures of carbon dioxide, steam, and unreacted 
methane will be lormed At longer times of contact, and 
more especially in the presence of certain catalysts, the 
composition ot the reacting mixture will be influenced by 
the simultaneous occurrence of the following reacUons 
between methane and the initial combustion products 

CH, I CO, — 2CO+2H, 

CH4-} H,0 -C013H, 
and CH4+2H,0 — CO, I 4H, 

At temperatures of 8(X)‘' C and over, these reactions are 
all well over to the decomposition sides From a theoreti- 
cal standpoint, therefore, the incomplete combustion of 
methane at these temperatures in the presence of active 
catalysts should proceed in such a way as to produce 
hydrogen and carbon monoxide mainly, so that the over- 
all effect will be represented under these circumstances by 
equation (1) Under conditions of equilibrium the relative 
proportions of carbon monoxide and carbon dioxide in the 
reaction mixture will be governed by the well-known water- 
gas equilibrium 

H,0^ CO CO,H H, 

These theoretical conclusions arc substantiated by the 
work of Liander [26, 1929], who studied the reaction 
of 2 volumes of methane and 1 volume of oxygen at 
various temperatures both in the presence and absence ol 
catalysts In the absence of catalysts and at temperatures 
ot 700-850“ C , carbon dioxide and water were the sole 
products, whereas, in the presence of a supported nickel 
catalyst, carbon monoxide and hydrogen with small 
amounts of carbon dioxide were formed it appears 
certain, therefore, that the primary reaction occurring in 
the partial combustion of methane is that yielding carbon 
dioxide and steam, but these initial products are able to 
react further with unchanged methane, provided that the 
gas IS exposed to the action of suitable catalysts for a 
sufficient length of ume Under the latter circumstances 
the net result is the formation of carbon monoxide and 
hydrogen m proportions indicated by equation (1) 

The partial oxidation of methane, and of gases contain- 
ing mediane, by means of oxygen or air has been studied by 
Padovam and Franchetti [31, 1933], who employed cata- 
lysts of nickel on a porous refractory material and catalyst 
volumes up to 10 litres A few of the experimental results 
of these workers are summarized m the appended table 
These results show clearly that the partial oxidauon of 
methane to yield hydrogen and carbon monoxide can be 
earned out by using air or oxygen at temperatures of 
850-$50® C in the presence of a mckel catalyst with satis- 
m K 
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factory velocity and practically complete conversion The 
reaction rate is higher when using oxygen than in the pre- 
sence of steam or carbon dioxide 

CompoMlIutt of ' ^ ^ , i Composition of reaction 

reaction rmxture 1 _ I Contact products 

^ — _ I Temp time ~ 

CH. O, ! N, •‘cj Seconds', CO, CO [ CH. N. 
65 4 ' 34 6 ! 850 I 4 33 I 2 8 1 31 0 | 63 4 2 8 1 

65 7 34 3 I 850 2 16 > 1 2 1 31 8 I 64 0 3 0 

65 7 34 3 I 850 j 123 Itrace 32 6 65 0 2 4 

67 5 32 0 , 850 I 2 27 0 2 1 29 7 1 61 0 18 7 3 

27 4 15 1 5741 900' 1 02 0 5 18 9 36 9 109 42 9 

(All gaseous compositions in volume per cent ) 

By the incomplete combustion of methane with oxygen 
in the manner described above, a gas mixture is obtained 
containing hydrogen and carbon monoxide in a volume 
latio of 2 to 1 Such a gas mixture is quite suitable for 
direct application in the methanol synthesis, and may also 
he used as a source of hydrogen by removing the carbon 
monoxide in the form of carbon dioxide after applying 
reaction with steam at 500“ C The incomplete combustion 
of methane with oxygen for the production of water-gas 
mixtures suffers from the disadvantage that pure oxygen 
IS relatively expensive and the reaction mixture violently 
explosive When combined with the endothermic steam- 
methane, or methane-carbon dioxide reactions, the incom- 
plete combustion process can be more economically 
effected and serves to supply internal heat If air is 
employed in place of oxygen, the gas resulting from the 
incomplete combustion of methane will contain roughly 
20% ot carbon monoxide and 40% each of nitrogen and 
hydrogen Subjection of such a mixture to the water-gas 
reaction and removal of the carbon dioxide formed would 
yield a gas containing 60^'> of hydrogen and 40% of 
nitiogen by volume, this ratio of nitrogen to hydrogen 
being too high for direct conversion into ammonia In 
order to obtain by this sequence of reactions a gas mixture 
containing nitrogen and hydrogen in proportions suitable 
for the ammonia synthesis, the incomplete combustion of 
methane would n^ to be effected by means of an air- 
oxygen mixture containing 33 % of oxygen 
As far as is known, the mcomplete oxidation of methane 
and similar hydrocarbons to produce water gas has not 
been applied on a technical scale, though it has been 
used m conjunction with the steam-methane reaction In 
general, it has been proposed to subject mixtures of 
methane and the requisite amount of oxygen or air to 
elevated temperatures either in the presence of coke or 
refractory materials or, alternatively, to the action of cer- 
tain specihc catalysts. The latter mode of operation is 
advocated by the Badische Co [2, 1927], the catalysts 
specihed includmg nickel on magnesia, and molten iron 
alloys For example, a coke-oven gas, previously freed 
from benzene, and consisting of 2% carbon dioxide, 2% 
heavy hydrocarbons, 7% carbon monoxide, 52 5% hy- 
drogen, 29 5% methane, and 7% mtrogen, is mixed with 
23% of oxygen and partially combusted at about 1,000° C 
m the presence of mckel-impregnated magnesia The re- 
sultmg gas rmxture contains 15% carbon dioxide, 26% 
carbon monoxide, 64% hydrogen, 3 5% methane, and 5% 
nitrogen, and, after punfication from sulphur compounds. 
It may be used directly for the methanol synthesis 

Hie Reaction of Methane with Steam 
Methane reacts with steam m the presence of suitable 
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catalysts or contact materials according to the following 
equations 

CH,+H,0 CO+3H,-51 kg -cal (3) 

CH*+2H,0 CO,+4H,-40 kg -cal (4) 

In general, both reactions take place simultaneously to an 
extent dependent upon the reaction conditions, particularly 
the temperature ^th reactions are strictly reversible, low 
temperatures favounng the formation of methane and 
high temperatures promoting decomposition into hydrogen 
and oxides of carbon The equilibria involved have been 
investigated experimentally by a number of workers, whose 
results are in good agreement with the following equations, 
deduced from the available free energy data 
For equation (3) 


logHTa- 

where 

For equation (4) 


+ 4871og7’J 

+0 0000667’-0 000000081 r*-3 04, 



logkC,= y, +3 961ogr+ 


-F000104r-0 000000237*- 3 15, 


Where = 

•^CH, ■- ^H,0 

The numerical values of and AT* increase rapidly with 
rising temperature, the actual figures for AT, at 800% 900", 
and 1,000” C being 151x10*, 130x10*, and 7 94x10* 
respectively 

The equilibria constants for these two reactions may also 
be calculated by combining the known equilibrium con- 
stants of the three reaaions 


CH4v=iC-^2H, 
C-fCO, 2CO 

and CO-f-H,0 5^^ COH-H, 


This method has been adopted by Gluud [14, 1930], 
whose calculated results are given in the appended table, 
the equilibrium concentrations of reactants at different 
temperatures bemg expressed m per cent by volume 


Reaction CH.+HjO CO f 3H, (3) 


Temp °C CH, ] H.O l CO I H, 

500 33 3 , 33 3 i~8 3T~ 1 250 

580 21 4 , 21 4 I 14 3 , 429 

635 12 5 I 12 5 18 8 , 56 3 

710 56 , 5 6 21 2 I 66 7 

835 2 7 2 7 23 7 I 710 

940 0 5 I 0 5 24 8 ,741 


(4) can only be partly realized because, with nsmg reac- 
tion temperature, the carbon dioxide formed reacts with 
hydrogen to yield carbon monoxide and steam accord- 
ing to the water-gas equation In the presence of catalysts 
favouring the water-gas equilibnum, the relative propor- 
tions of carbon monoxide and dioxide in the reaction 
mixture will be controlled by the water-gas equilibrium 
Smee at high temperatures this equilibnum is almost 
completely over to the carbon monoxide side, reaction (3) 
will predominate at higher temperatures When the cata- 
lyst used for promoting the methane-steam reaction docs 
not catalyse the water-gas reaction, considerable propor- 
tions of carbon dioxide may be produced even at high 
temperatures The work of Matignon and S6on [27, 1932] 
would appear to indicate that the reaction of methane with 
an excess of steam at 1,050” C in the presence of catalysts 
of thoria and zirconia yields much carbon dioxide 
The equilibrium between methane and steam has been 
investigated experimentally by Neumann and Jacob [29, 
1924] in the presence of a mckel-magnesia catalyst Their 
observed values of A, for reaction (3) in the temperature 
range 860-1,050” C are in good agreement with those 
calculated from thermodynamic data In the region 
450-780” C , the reactions producing hydrogen and oxides 
of carbon were complicated by the simultaneous occurrence 
of a secondary reaction, namely, the decomposition of 
carbon monoxide into carbon and carbon dioxide accord- 
ing to the equation 2CO CO*H- C Even with excess of 
steam the composition of the gas produced by reaction at 
temperatures m the region of 1,000” C agreed closely with 
that required by equation (3) The following table shows 
the composition of gases produced by passage of a mixture 
of 47% of methane and 53”/o of steam over a nickel- 
magnesia catalyst at various temperatures and at a gas 
rate of approximately 3 litres per hour per 50 g of catalyst 

I Per cent by volume 

Temp "C ' CH, '__CO~ CO, , H, 

330 ' 100 0 ' ! 

470 I 75 5 I 20 2 6 19 9 

544 48 1 I 4 1 ; 3 9 43 9 

600 . 29 7 4 6 ' 51 [606 

700 I 11 5 15 0 , 2 7 I 70 8 

860 ' 2 0 23 4 74 6 

940 ' 0 9 24 3 74 8 

1,034 ' 0 3 24 8 ,74 9 

Neumann and Jacob concluded that, although both reac- 
uons take place simultaneously at moderate temperatures, 
at high temperatures reaction (4) is suppressed m favour of 
reaction (3) because of the mteracuon of carbon dioxide 
with methane accordmg to the reaction 


Reaction CH4-f2H,0 CO,-f-4H, (4) 

Tem p “C| CH, CO, j H, 

420 23 6 47 1 59 i 234 

535 1 15 8 31 6 10 5 ! 421 

635 , 9 5 19 0 14 3 , 572 

765 I 4 4 8 8 17 3 i 69 5 

890 ' 2 1 4 1 18 7 75 1 

1,160 04 I 0 8 19 7 [ 7 91 

These results indicate that both the reactions concerned 
should proceed practically to completion at temperatures 
in the neighbourhood of 1 ,000” C Actually, while reaction 
(3) can readily be earned to compleUon with theoretical 
steam rauo in the presence of suitable catalysts, reaction 


CH«-fCO,->2CO+2H, 

Several important studies have been conducted on the 
influence of vanous catalysts on the reacbon'of methane 
with steam, one of the most comprehensive bemg that of 
Fischer and Tropsch [12, 1928], who obtamed high con- 
versions m the presence of various metaUic catalysts at 
860-1,000° C in a small extemaUy heated tube Nickel 
and cobalt were found to be the best catalysts and were 
preferably supported on clay fragments, while the addition 
of alumina increased the activity of these materials On 
the other hand, iron, copper, molybdenum, and tungsten 
were poor catalysts, and coke was also unsatisfactory In 
contrast to these results, Klyukvm and Klyukvina [23, 
1930] find that the acbvity of a reduced mdkel-oxide cats- 
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lyst 13 retarded by the addition of alumina at 8S0° C . 
while semi-coke prepared from brown coal as well as coke 
from hard coal ate catalysts of the same order of activity 
as mckel In view of the activating action of numerous 
difficultly reducible oxides on the catalytic reduction of 
oxides of carbon in the presence of nickel, it is to be ex- 
pected the reverse processes will also show evidence of 
promoter action According to Kubota and Yamanaka 
[24, 1929], the decomposition of methane by steam at 
1,000‘’C in the presence of nickel is promoted by the 
addition of alumina, zirconia, thoria, beryllia, chromium 
oxide, feme oxide, ceria, and magnesia, and the effect is 
noticeable even with a ratio of 1 mol of promoter to 100 
atoms of nickel As might be expected, promoter action is 
very noticeable when working at moderate temperatures, 
and Takendka [38, 1933] has reported that the formation 
of hydrogen and carbon dioxide from methane and excess 
of steam at 650" C is effectively catalysed by a catalyst 
consisting of nickel promoted by alumina and potassium 
carbonate 

The results of Patryn and Ziolkowski [33, 1932] shed 
considerable light on the catalysis of the methane-steam 
reaction, and indicate that the activity of various metallic 
catalysts for this process is a function of their resistance to 
oxidation by steam, those metals which are readily oxidized 
by steam being inactive Among the catalysts tried were 
reduced iron, nickel, and cobalt deposited on asbestos 
cloth as well as mixtures of these elements At tempera- 
tures of 350-550" C , best results were obtained with a 
reduced nickel catalyst and employing an excess of steam, 

I e 10 mols of steam per mol of methane Under similar 
conditions iron and cobalt gave entirely negative results, 
being oxidized by the steam At above 800° C the oxides 
of iron and cobalt exerted a pronounced catalytic action, 
probably because of their reduction to the metallic form 
Mixtures of iron, nickel, and cobalt were not in any way 
supenor to nickel alone Nickel is most resistant to the 
oxidizing action of steam, and its resistance is increased by 
the addition of activators, such as alumina, manganese 
oxide, chromium oxide, zinc oxide, and potassium oxide, a 
fact which may explain the promoter acUon of these sub- 
stances For the reaction of methane and steam at low 
temperatures best results were obtamed by Patryn and 
Ziolkowski with a catalyst contaimng 80% of nickel and 
20% of alumina with a methane/steam molar rauo of 1 to 5 

The inactivation of the catalytic activity of some metals 
as a result of oxidation with steam can be correlated with 
the mechanism of the methane-steam reaction proposed by 
Padovam and Franchetti [32, 1934], who suggest that the 
hrst stage of the process consists in a decomposition of 
methane into its elements, followed by interaction of steam 
with the carbon formed This is supported by the fact 
that those metals which are active for the methane-steam 
reaction are, under similar temperature conditions, also 
active for the decomposition of that hydrocarbon into its 
elements. Oxidation of metalhc catalysts by steam would 
suppress the activity of such materials m catalysing the 
decomposition of methane mto carbon and hydrogen, and 
would, therefore, inhibit the methane-steam reaction if the 
above mechamsm be assumed 

The influence of various impurities on the activity of 
catalysts for the reaction between methane and steam, 
aocordmg to both equations (3) and (4), is of considerable 
technical importance Catal}^ which are used to acceler- 
ate reaction (4) must be highly acbve at comparatively low 
temperatures (500-600° C), and must, moreover, be re- 


sistant to oxidation by the large excess of steam necessary 
for this operation As might be expected, these active 
catalysts for use in the lower temperature range are more 
susceptible to catalyst poisomng than the more robust 
catalysts which can be employed at higher temperatures 
for effecting reaction accordmg to equation (3) The 
influence of oxygen on catalytic activity is of significance, 
since It has been proposed to combine the endothermic 
steam reaction with the exothermic partial combustion of 
methane with air or oxygen As might be expected from 
the expenmental results of Patryn and Ziolkowski, diffi- 
culty has actually been experienced m carrying out the 
methane-steam reaction, particularly at lower temperatures, 
in the presence of nickel catalysts owing to the inactivation 
of such catalysts resulung from the formation of a pro- 
tective film of oxide This has been specially noted in the 
reaction of methane with excess of steam in the presence of 
a nickel catalyst at a temperature below 700° C, and 
Beeklcy [4, 1929] overcomes this difficulty by introducing 
certain proportions of hydrogen and carbon monoxide into 
the reaction mixture of methane, steam, and air (or oxy- 
gen) under these circumstances, the reducing action of the 
hydrogen-carbon monoxide mixture is sufficiently power- 
ful to prevent poisomng of the catalyst surface through 
formation of a film of oxide At high temperatures 
poisoning of mckel catalysts by oxygen does not appear to 
occur to any appreciable degree Thus, the catalysts used 
by Hawk, Golden. Storch, and Fieldner [17, 1932] were 
quite umnjured by exposure to direct heating with a blast 
of natural gas and air, even when a moderate excess of 
oxygen was present in the flame during the heating period 
Tie best catalysts found by these workers for the hi^ 
temperature reaction of steam with methane to yield 
hydrogen and carbon monoxide consisted of pieces of re- 
fractory material, such as alundum or corundite, impreg- 
nated with nickel nitrate, then ignited at 250-300° C and 
finally reduced up to about 1,100° C in the presence of 
natural gas 

As regards the influence of small amounts of sulphur 
compounds, such as hydrogen sulphide, on the activity of 
catalysts for reactions (3) and (4), the evidence is rather 
conflicting Fischer and Tropsch reported that their best 
metallic catalysts, consistmg of cobalt or nickel promoted 
with aluimna and dispersed on a refractory earner, were 
not seriously injured by the presence of sulphur com- 
pounds in the gas employed After a short period of very 
high activity, the catalysts declined somewhat m activity, 
but this detenoration soon ceased and was succeeded by an 
apparently indefinite period of constant activity On the 
other hand, Gluud [14, 1930] reports that a mckel catalyst, 
supported on refractory matenal, used for the methane- 
steam reaction at 1,000° C, was gradually poisoned by 
sulphur compounds m the gas and that mckel sulphide was 
formed However, the activity of the catalyst could be 
restored by oxidation with air or steam Orgamcally com- 
bined sulphur, as well as inorganic sulphur, is said to be 
prejudicial to the life of the catalyst, and it has been pro- 
po^ to remove the former by passage over a suitable 
metallic mass, capable of fixing sulphur compounds or 
converting them into hydrogen sulphide In this connexion 
it IS interesting to note that Goodfellow and Spencer [IS, 
1932] claim that the catalytic activity of a chromium cata- 
lyst for the decomposition of hydrocarbons by steam is 
actually increased by the addition of at least 1 % of hydro- 
gen sulphide, or other gaseous sulphur compound, to the 
reactmg gases 
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Carbon formation has been reported several investi- 
gators as a by-product in the interaction of methane with 
steam at high temperatures, and its formauon is objection- 
able as It may cause inactivation of the catalyst In the case 
of methane, the formation of carbon at high temperatures 
can be suppressed by the use of a slight excess of steam over 
that required by equation (3), though the use of too much 
steam is objectionable According to Neumann and Jacob, 
the deposition of free carbon on the catalyst is very liable 
to occur when appreciable proportions of methane homo- 
logues are present along with the methane treated Here 
agam, however, the employment of a sufficient excess of 
steam should help to obviate this difficulty Deposition of 
carbon is also liable to occur when the methane-steam 
reaction is earned out at below 700“ C (accurdmg to 
equation (4)) m the presence of unsaturated hydrocarbons 
Williams [40, 1928] proposes to overcome this difficulty 
by hydrogenating the unsaturated hydrocarbons in the gas 
mixture prior to the application of the steam reaction 
The mam charactenstics of the reaction between methane 
and steam may be briefly summarized as follows At high 
temperatures, reaction (3), producing hydrogen and carbon 
monoxide, can be carried practically to compleUon by using 
the theoretical amount of steam, while the reaction mixture 
produced in these circumstances will contain only traces of 
carbon dioxide Increasing the proportion of steam at high 
temperatures tends to increase the carbon-dioxide content 
of the reacUon products, but even with a large excess of 
steam the m^jor portion of the methane transformed is 
converted mto carbon monoxide and hydrogen At lower 
temperatures m the presence of suitable catalysts, both 
reactions (3) and (4) take place simultaneously, but can 
never be carried to completion By using a large excess of 
steam at 500-600® C reaction (4) can be made the pre- 
dominant mode of decomposition, though it is difficult to 
decompose more than 80-90% of the methane present 


The Reaction between Methane and Carbon Dioxide 
In the presence of active catalysts and at elevated 
temperatures, methane reacts with carbon dioxide accord- 
ing to the equation 

CH4+CO, 2CO-I 2Hs,-61 kg -cal (5) 
The equilibrium constants of this reacUon may be calcu- 
lated from available free energy data as 


log A, 


where 


-12450 

T 


+ 7 591og7’-0 00236r+ 

-l-0 000000068r=-6 64. 




J’co^/’h, 

J’cH.xj^CO, 


The value of A, mcreases with nsing temperature of 
reacUon, the figure for 900“ C corresponding to a con- 
version of about 96%, which is of the same order as that 
obtained in the reacUon of methane and steam at the same 
temperature The values of the constant A* are I 95 X 10*, 
2 35x10*, and 190x10* at 800®, 900®, and 1,000® C 
respectively 

The equibbnum constant of reacUon (5) may also be 
calculated by combinmg the known constants of the two 


CH 4 C-1-2H, and C-f CO, 2CO 
This computation gives the foUowmg values for the 
equihbrium concentrations of reactants at atmospheric 
pressure and at a senes of temperatures 


Reaction CH 4 -fCO, ^ 2C04- 2H, 



Volumetric composition oj reactants 

Temp °C 

CH, 

CO, 

CO 

H, 

450 

43 5 

43 5 

65 

65 

550 

28 7 

28 7 

21 3 

21 3 

650 

15 5 

15 5 

34 5 

34 5 

750 

30 

30 

47 0 

47 0 

850 

! 0 8 

08 

I 49 2 

! 49 2 

900 

01 ' 

01 

49 9 

49 9 


The equilibrium has been investigated experimentally by 
Schmidt and Neumann [35, 1932] in the region 500- 
800° C, using a catalyst of silica gel impregnated with 
nickel Above 600" C the experimental results were in 
agreement with those calculated from the free energy data, 
but below that temperature the observed conversion of the 
methane is larger than that calculated, probably on account 
of the simultaneous occurrence of the side reactions 
H,+CO,->-CO+H,0 
and H, 0 +CH 4 CO I 3H, 

As catalysts fur the reaction between methane and carbon 
dioxide at temperatures of 800' C and over, Fischer and 
Tropsch [12, 1928] found that nickel-alumina supported 
on clay fragments was most efficacious Cobalt proved as 
acUve as mckcl, but copper, iron, and molybdenum were 
feeble catalysts in general , those catalysts which are active 
for the methane-steam reaction at high temperatures are 
also active tor the reaction between methane and carbon 
dioxide Klyukvin and Klyukvuia [23, 1930] have shown 
that the passage of an equimolecular mixture of methane 
and carbon dioxide over an active reduced nickel catalyst 
at 1,000° C gives a practically complete conversion into 
hydrogen and carbon monoxide Satisfactory results were 
obtained by Hawk and his collaborators [17, 1932] by 
passing a mixture of carbon dioxide and natural gas (con- 
taining 11 % of ethane and a residue of methane) over 
catalysts of nickel on alundum or corundite and employing 
a system in which the heat of reaction was supplied by 
intermittently blasting the contact mass with an air-gas 
flame In this way, and employing a gas containing 52% 
of carbon dioxide at temperatures of 790-1,100° C (this 
wide temperature range bemg due to the cycle of operations 
employed), the content of methane in the gaseous reaction 
products could be reduced to 2-3%, the remainder being 
hydrogen and carbon monoxide with only a small amount 
of carbon dioxide Typical results of Padovani and 
Franchetti [32, 1934], who employed an equimolecular 
mixture of methane and carbon dioxide in the presence of 
a catalyst of 12 5% nickel and 25 5% of alumina on clay at 
850° C , are as follows 


■ 


'Volumetric composition of 
reaction gas 

seLnds ’ 

CO, 

1 CH, 

H, - 

CO 

72 

1 7 

1 >2 

48 9 

48 2 

98 I 

1 1 

! 07_ 

50 9 

47 6 


Interesting details of the mdustrial application of this 
reaction have been supphed by the I G Farbenindustne 
A -G [18,1926] Residual gases from the destructive hydro- 
genation process are mixed with carbon dioxide and passed 
over a catalyst of nickel supported on refractory filling m 
a shaft fiunace, or, alternatively, the furnace may be filled 
with coke and worked as a producer, the mixture ofhydro- 
carbon gas and carbon dioxide being introduced at the cold 
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material by a suitable air-hydrocarbon flame so as to raise 


blowing part of the cycle For example, a mixture of 
23 6% carbon dioxide, 52% hydrogen, 22 S% methane, 
1 3% nitrogen, and 0 6% carbon monoxide yields, on 
passage throu^ a catalyst bed in a shaft furnace heat^ to 
1,100° C , a gas mixture of the composition 31 4% carbon 
monoxide, 66 2% hydrogen, 1 1% carbon dioxide, and a 
residue of 1 3% nitrogen and unchanged methane 
The reaction between methane and carbon dioxide takes 
place with an increase m the number of molecules, so that 
decomposition should be favoured by working at reduced 
pressures This has been substantiated by the work of 
Fischer and Pichler [11, 1931], who showed that practically 
complete conversion could be attained at 500-600° C. under 
0 01 atm pressure, whereas under an absolute pressure 
of 1 atm the same degree of conversion could only be 
reached by raising the temperature to 900° C 

Industrial Application of the High Temperature 
Reaction of Methane with Steam or Carbon Dioxide 
The reactions of methane with steam or carbon dioxide 
at elevated temperatures have been the subject of industnal 
exploitation Most of the industnal processes which have 
been developed have for their object the production of 
mixtures of hydrogen and carbon monoxide, from which 
either pure hydrogen or hydrogen-nitrogen mixtures 
suitable for the ammonia synthesis can readily be prepared 
The high temperature reactions between methane and 
steam and methane and carbon dioxide can be earned 
practically to completion at high temperatures with very 
high space velocity, and are, therefore, well adapted for 
large-scale application Moreover, unlike the reaction 
between methane and steam to produce carbon dioxide 
and hydrogen, the high temperature reactions are accele- 
rated by catalysts which are not unduly sensitive to catalyst 
poisons, and can thus be employed for prolonged periods 
without substantial diminution of activity Unfortunately, 
the high temperature reactions are highly endothermic, and 
It IS necessary, in order to carry them to compleUon, to 
supply to the reacting gas mixture very large quantities of 
heat at a high temperature level This fact undoubtedly 
constitutes the main difSculty encountered in the large- 
scale application of such reactions In addition, the selec- 
tion of suitable materials for the construction of plant to 
be used at high temperatures is rendered more difflcult by 
the highly corrosive action of steam under such conditions 
In order to minimize the necessity for external heating 
of the catalyst chamber, part of the heat necessary for the 
methane-steam reaction may be produced in situ by partial 
combustion of some of the methane with oxygen, or air- 
oxygen mixtures However, in order to make this combmed 
process thermally self-supporting, about 6 volumes of 
methane would need to be partially combusted for each 
volume decomposed by steam Thus, in general, even when 
the partial combustion of methane is employed to produce 
internal heating, it will be necessary to supply additional 
heat by external heating The disadvantages of using 
oxygen to effect the partial combustion are obvious, and 
when air is used the resulting gas mixture will contam 
nitrogen By suitably acfjusting the proportions of methane, 
steam (or carbon dioxide), and air in ^ reaction mixture, 
a gas suitable for the synthesis of ammonia can be obtained 
An alternative method of internal heatmg consists m 
carrying out the endothermic methane-steam reaction m 
the presence of a contact mass, which is used as a heat 
aocumnlator tfy jotermittently blasting such contact 


It to a high temperature 

The high temperature reaction between methane and 
steam to produce carbon monoxide and hydrogen is carried 
out on a large scale by the Standard Oil Company of New 
Jersey for the production of pure hydrogen at their hydro- 
genation plants at Bayway, N J , and at Baton Rouge, La 
The process is carried out at approximately atmosphenc 
pressure in tubes packed with catalyst and heated by direct 
finng in a radiant type doivnflow furnace to a temperature 
of about 870° C Methane, or refinery gas, is first washed 
in caustic scrubbers to remove hydrogen sulphide prior to 
admixture with steam After reaction, the resulting mix- 
ture of hydrogen and carbon monoxide contams only 
about 2% of unconverted methane By a further treatment 
with steam in the presence of a catalyst at about 460° C , 
the carbon monoxide is converted into hydrogen and carbon 
dioxide and, after removal of the latter, there is obtained 
hydrogen of sufficient punty for use in the hydrogenation 
process Three units having a combined capacity of 
9,000,000 cu ft per day of hydrogen are desenbed by 
Byrne, Gohr, and Haslam [7, 1932] Details of the design 
and construction of the catalyst chambers for the methane- 
steam reaction have not so far been divulged It appears, 
however, that the difficulties associated with the operation 
of this endothermic reaction at the high temperature neces- 
sary may be greatly minimized by the use of specially 
designed regenerative heat exchangers 

It IS interesting to note that, m order to minimize deterior- 
ation of plant employed for the high temperature steam 
reaction, it has been proposed [19, 1928] to employ some- 
what lower temperatures so that the reaction is incomplete 
and the resulting gas still contains up to 15% of methane, 
which IS subsequently removed by washing with a suitable 
solvent under pressure The lower temperature employed 
IS naturally less deleterious to the apparatus, which under 
these conditions may be constructed of special heat-resist- 
ing alloys, such as ‘Nicrotherm’, ‘WT2’, or ‘V2A’ steeb 
A somewhat novel procedure is advocated by Schulz and 
Eisensteckcn [37, 1928], who proposed to react hydro- 
carbon gases with steam at about 1,000° C m the presence 
of catalysts, such as iron, nickel, cobalt, chromium, &c , 
in a channel of carborundum which is heated by means of 
a high-frequency electric current 

Combination of the endothermic steam reaction with the 
exothermic partial combustion of methane using oxygen, 
or gases containing oxygen, has been employed m a number 
of technical processes Thus, in the process of Casale [8, 
1927], mixtures of methane, oxygen, and excess of steam 
are passed through a reaction chamter at temperatures of 
1,100-1,300° C and under sub-atmosphenc pressures In 
connexion with the use of such a method, the semi- 
techmcal investigations of Gluud and his collaborators 
[14, 1930] arc of great interest The object of these expen- 
ments was the production of nitrogen-hydrogen mixtures 
from methane, or coke-oven gas, by the use of the high 
temperature steam reaction in conjunction with the exo- 
thermic partial oxidation The converter used m these 
experunents was an externally heated tube composed of a 
special heat-resisting alloy of 20% mckel, 25% chromium, 
and 55% iron This material was found to be satisfactory 
at the temperatures employed The converter, which was 
94 cm long and 12 cm m mtemal diameter, was packed 
with a catalyst of mckel supported on refractory material. 
The results obtauied are exemplified by the treatment of a 
coal distillation gas of the composition 6% carbon mon- 
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onde, 26% methane, 55% hydrogen, and 8% mtrogen 
Passage of a mixture of 6 cu m of this gas with 3 kg of 
steam and 3 cu. m, of air per hour over 10 htres of the above 
catalyst at about 1 ,050° C resulted in the production of a 
gas mixture contaming 2% carbon dioxide, 17% carbon 
monoxide, 56 5% hydrogen, and 24 5% of nitrogen, with 
only traces of methane In the absence of air or oxygen, 
the output of the apparatus was materially reduced and 
only about 3 5 cu m of coal gas could be converted per 
hour to obtain a product of low methane content How- 
ever, by the introduction of air mto the reaction gases 
at definite points m the catalyst bed, the methane content 
of the gaseous products could be reduced to below 0 1 % 

Intermittent internal heatmg of the catalyst mass, earned 
out in alternation with the endothermic methane-steam 
reaction, has been advocated by a number of workers In 
some processes catalysts are not employed and reliance is 
placed on refractory material, or coke, of large surface and 
heated to temperatures substantially higher than those 
necessary m the presence of catalysts Thus, in the process 
of Kuhlmann [25, 1928] the reaction with steam and/or 
air IS carried out m a chamber packed with coke and main- 
tained to at least 1,200° C by alternate blowing with pre- 
heated air After passing the gas through the apparatus in 
one direction for some time, a current of air is mtroduced 
m order to burn deposited carbon, after which the steam 
reaction is again allowed to take place An inert gas is 
used to sweep out the apparatus between these operations 
A similar non-cataly tic process, in which the decomposition 
of hydrocarbons with steam is earned out alternately with 
a direct heating of the contact mass by an air-hydrocarbon 
flame, has been used by the Union Chimique Beige S A 
[39, 1931], regenerators are employed for preheaUng the 
air used for combustion and also for preheating the mixture 
of methane and steam 

It appears from the work of Hawk and his co-workers 
[17, 1932] that intermittent heating of the catalyst bed by 
means of an air-gas flame can be successfully apphed to tlw 
reaction of methane with steam at high temperatures The 
converter used by these investigators consisted of an alun- 
dum tube, 3 in in internal diameter and 20 5 in long, 
meased in a 4-in iron tube The cycle of operations con- 
sisted of blasting the catalyst bed with an air-gas flame 
until the mass had attamed a sufficiently high and umform 
temperature, then purging the products of combustion, and 
finally passing through the mass a mixture of about equal 
volumes of steam and natural gas until the temperature had 
fallen too low for efficient operation Usmg slightly more 
than 1 volume of steam per unit volume of natural gas, no 
trouble was expenenced with carbon deposiUon, while an 
increase in the proportion of steam merely mcreased the 
amount of carbon dioxide m the reaction products without 
materially affecung the fraction of methane converted The 
temperature in the catalyst bed vaned from a maximum of 
about 1,150° C to a minimum of 750° C Under these very 
exactmg conditions, catalysts of mckel on alundum or 
corundite were entirely satisfactory, whereas luckel-alumina 
and cobalt catalysts were of less value on account of 
mechamcal dismtegrabon Inactivation of nickel catalysts 
by the oxygen present during the blow period was not 
noticed m this mvesbgation 

Besides the catalysts previously mentioned, certain special 
catalysts for the reaction between methane and steam, or 
carbm dioxide, at hijdi temperatures have been claimed in 
various patmts. These include nickel on igmted magnesia, 
a special iron-chromium alloy, a metal of the iron group 


together with a difficultly reduable oxide, &c Nickel, 
cobalt, or iron mixed with an aluminium compound con- 
taimng oxygen, and at least one of the elements sihcon, 
carbon, boron, phosphorus, and sulphur together with 
magnesium or an alkaline-earth oxide have also been 
claimed as catalysts for this reacuon 

It IS of interest to note that the production of water-gas 
mixtures from hydrocarbons may be accomplished in two 
stages, in the first of which methane is decomposed into its 
elements at high temperatures, and then the carbon formed 
in the first stage is subsequently submitted to the action of 
steam also at elevated temperatures The decomposition 
of methane into its elements according to the equation, 
CH4?:iC+2H,-23kg-cal. 

IS more or less complete at 1,200° C m the presence of 
incandescent coke or refractory materials of large surface 
Thus, It IS actually possible to produce almost pure hydro- 
gen, and also, by subsequent reaction of the carbon with 
steam, a mixture of hydrogen and oxides of carbon Though 
the decomposition of methane into its elements is catalysed 
by iron, nickel, and other substances, it is difficult to employ 
such catalysts m actual practice on account of fouling of 
the catalyst surface Molten baths of iron have, however, 
been suggested for this purpose A three-stage process is 
proposed by Harrison [16, 1929] in which hydrogen is 
produced m one period of the cycle and water gas in a subse- 
quent stage Methane is passed into a coke-filled reactor, 
previously heated to 1,500“ C by an air blow The de- 
composition of methane into carbon and hydrogen is 
allowed to proceed until the temperature has fallen to 
1,100° C Between this temperature and 900° C steam is 
added to produce water gas, after which the cycle is re- 
started by an air blow It is said that the different stages 
can be balanced so that no coke, but only deposited carbon, 
IS consumed 

From an industrial standpoint, it seems cerlam that, 
except in special circumstances, the true vapour-phase 
combination of methane and steam is to be preferred, on 
grounds of simplicity of operation, to a process in which 
the methane is decomposed in two distinct stages 

Industrial Possibilities of the Reaction between Methane 
and Steam to form Hydrogen and Carbon Dioxide 

The reacbon 

CH4+2H,0 -> CO,+4H, 

appears at first sight to be exceptionally promising for the 
manufacture of hydrogen, since carbon dioxide can readdy 
be removed from such gas mixtures by suitable washmg 
operations In addition, the fact that the reaction, though 
never complete, is realizable at moderate temperatures of 
500-600° C would seem also greatly in its favour In actual 
practice, however, this reaction possesses a number of 
objectionable characteristics which render* its utihzation 
somewhat problematical For example, the catalysts em- 
ployed m this reaction must necessarily be of the highest 
possible activity m order to attain sufficient reaction velocity 
at the lower temperature of operation The high activity of 
catalysts for this reaction renders them more hable to m- 
activation by catalyst poisons than the catalysts employed 
at higher temperatures As a result, a more careful control 
of this low temperature reaction, both as regards purity of 
reactants and also reaction conditions, is necessary than in 
tt» high temperature process. Perhaps a more serious 
objection IS to be found m the fact that, at moderate 
temperatures, the equilibrium is by no means completely 
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over to the decomposition side of the equation, so that it is 
not possible to attain anythuig approachmg complete con- 
version of the methane Thus, at 500° C the eqiuhbnum 
conversion of methane mto carbon dioxide and hydrogen 
IS only about 30% when using the theoretical proportion 
of steam Two methods are available to obtain a more 
complete conversion of the methane The first mode of 
operation consists m canymg out the reaction m a number 
of stages with removal of carbon dioxide between each of 
these stages, as proposed by the I G Farbenindustrie A -G 
[20, 1 927] Another, and possibly better, method of forcing 
the reaction more nearly to completion consists m using 
a large excess of steam over that theoretically required 
This procedure has been elaborated by Blake [5, 1929], 
who used steam/methane ratios of 3 5 1 to 44 1 at tem- 
peratures of 400-700° C in the presence of active catalysts, 
such as mckel-ceria-alumina From the data furmshed 
by Blake, it appears that a 90% conversion of methane 
can be obtained at 500-550° C by using 15 volumes of 
steam per unit volume of methane, under these circum- 
stances the reaction gas will contam only about 1% ol 
carbon monoxide Working at 550° C with a steam/ 
methane ratio of 10 1, a similar conversion is obtamed, 
but the carbon monoxide content of the gas mixture is then 
2% Even when using a large excess of steam, thercfoie, 
the gaseous reaction products will always contain con- 
siderable proportions of unchanged methane in addition to 
hydrogen, carbon dioxide, and small amounts of carbon mon- 
oxide Smee the removal of methane from such a gas mix- 
ture can only be accomphshed by washing with absorbent 
liquids under pressure, the employment of this reaction as a 
source of relatively pure hydrogen is beset with difiiculty 

The tendency of the catalysts used in the low temperature 
methane-steam reaction to undergo inactivation by poison- 
ing by traces of oxygen, sulphur compounds, and un- 
saturated hydrocarbons has already been mentioned The 
catalysts proposed for this reaction consist essentially of 
mckel promoted with various metallic oxides, such as the 
oxides of titanium, cerium, zinc, molybdenum, chromium, 
beryllium, uranium, zirconium, manganese, cadmium, and 
calcium The catalyst prepared by precipitation of a solu- 
Uon of nickel, manganese and aluminium nitrates by means 
of potassium carbonate solution followed by a washing 
with a solution of potassium nitrate is said to be particularly 
active [21, 1927] The value of salts of the rare earths, par- 
ticularly those of the cerium group, as promoters is empha- 
sized by Chaffette [9, 1932], while A1 [1, 1932] obtains 
an active nickel catalyst by precipitation of nickel-nitrate 
solution with less than the thcoreUcal amount of caustic 
soda, followed by reduction with hydrogen Nickel, cobalt, 
or iron, activated by difficultly reducible oxides of chromium, 
vanadium, potassium, magnesium, aluminium, or alkaline- 
earth metals, are claimed as catalysts for this reaction by 
Schmidt and Niemann [36, 1932] 

Production of Water Gas by Reaction of Higher 
Hydrocarbons with Steam 

Little information is available regarding the reaction of 
hydrocarbons higher than methane with steam to produce 
hydrogen and oxides of carbon There is no reason to 
doubt that reactions of the type, 

C,H,-|-2H,0 2CO-f5H„ 
C,H,-|-3H,0-^3C0-1-7H„ 

and generally, 

C,H»«-|-«H,0- iiCO+(2«-l-l)H„ 


should be realizable at high temperatures m the presence of 
suitable catalysts The mam difficulty in carrying out these 
reactions would appear to reside m ffie tendency of higher 
hydrocarbons to deposit carbonaceous material on the 
catalyst surface with resultant rapid inactivation For this 
reason it would be difficult to apply the low temperature 
reaction with steam, yieldmg carbon dioxide and hydrogen, 
to hydrocarbons higher than methane At higher tempera- 
tures the reaction with steam is probably preceded by a 
thermal decomposition in which lower molecular weight 
hydrocarbons, both saturated and unsaturated, are first 
formed Unless a considerable excess of steam is present, 
and a sufficiently long period of contact employed, the 
reaction with steam will be incomplete and lower saturated 
and unsaturated hydrocarbons will appear in the products 

Very few scientihc investigations on the reactions between 
higher hydrocarbons and steam, or carbon dioxide, have 
been reported in the literature Bahr [3, 1928] was unable 
to obtain any reaction between benzene and carbon 
dioxide, even at 750° C in the presence of various metaUic 
oxide catalysts However, Matignon and Seon [28, 1933] 
were able to carry the decomposition of hexane practically 
to completion by using a large excess of steam m the 
presence of a zirconia catalyst at 1,050° C Under these 
conditions carbon dioxide and hydrogen were the mam 
reaction products, but at shorter times of contact various 
amounts of methane and ethylene appeared m the resulting 
gas The decomposition of benzene with an excess of steam 
under similar conditions gave the same results 

From a technical point of view, refinery gases consisting 
mainly of methane, but containing also considerable pro- 
portions of methane homologues as well as unsaturated 
hydrocarbons, constitute readily available raw materials 
lor the manufacture of hydrogen In applying the high 
temperature steam reaction to such gases, Williams [40, 
1928] prefers to remove unsaturated hydrocarbons by 
catalytic hydrogenation prior to treatment with steam If 
no preliminary removal of olehnes is employed, it is neces- 
sary to subject the mckel or nickel-alumina catalysts used 
to frequent reactivation This is effected by passing steam 
over the catalyst at 650° C for 6-24 hours or, alternatively, 
by passing a mixture of oxygen, nitrogen, carbon dioxide, 
and steam over the heated catalyst for several hours [13, 
1930] 

In subjecting hydrocarbons higher than methane to 
reaction with steam at elevated temperatures, it is said to 
be advantageous to employ several layers of catalyst, each 
layer bemg more active and maintained at a somewhat 
lower temperature than the precedmg layer [22, 1931] 
Mixtures of a metal of the iron group with a difficultly 
reducible metallic oxide are suitable catalysts 

The Partial Reaction of Hydrocarbons with Steam 

An interesting application of the reaction of steam with 
gaseous hydrocarbons higher than methane is in there-form- 
ing of such hydrocarbons to produce gaseous fuels contam- 
ing hydrogen, hydrocarbons, and oxides of carbon In the 
process described by Oberfell and Guyer [30, 1932], the 
hydrocarbon gas is subjected to a combination of pyrolysis 
and reaction with steam, both processes being effected 
simultaneously in one reaction chamber By suitable con- 
trol of the reaction conditions the process can be made to 
produce gas with a range of density and calorific value 
sufficiently wide to simulate the properties of most of the 
manufactured or natural gases The gas produced by this 
method can thus be used to supplement supplies of natural 
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or manufactured gases at periods of peak load The process 
IS continuous, a mixture of hydrocarbon vapour (propane or 
butane) and steam being passed through a heated coil con- 
taining a catalyst The equipment necessary consists solely 
of a tube-type furnace with heat-resisting alloy heating coils 
For example, by using commercial butane m this process 
and controllmg the steam/hydrocarbon ratio, the reaction 
temperature, and the time of contact, gases having calorific 
values ranging from 260 to 1,800 B Th U per cu ft can 
be readily produced The great flexibility of this type of 
re-forming process is shown by the following table, giving 
the analysis of various gases produced from butane 


Gas no ' I \ 2 ' 3 4 > S 


BThU (gross) per Cl 
Sp gr (air = 1) 

y.co, 

%co 

%H, 

% Unsaturateds 
% Paraffins 


ft 453 ' 609 ; 666 809 | 1,266 

0 45 I 0 52 ' 0 55 I 0 62 I 0 86 
72 ‘ 36 64 50 I 46 

18 2 13 3 15 0 .15 0 ,104 

155 4 47 7 ,44 9 '43 6 ,38 1 

I 43 8 3 95 '12 9 13 3 

I 14 9 27 1 24 2 ' 23 4 I 33 6 


Re-forming of crackmg and natural gases by a combination 
of cracking, partial combustion with air, and reaction with 
steam has been described by Perry [34, 1933] 


Production of Hydrogen from Water Gas 

A cheap and abundant source of hydrogen is essential, 
not only for the large-scale synthesis of ammoma, but also 
for the more recent industrial developments based on the 
destructive hydrogenation of coal and petroleum hydro- 
carbons In Germany, and also in Great Britain, water gas 
is used extensively as a raw material for the manufacture of 
hydrogen, but dilution with nitrogen during the blow penod 
renders the resulting material somewhat imsuitable for 
hydrogenation purposes The use of oxygen in the blow 
penod has, however, solved the difficulty of producing 
water gas free from nitrogen and lignite Bosch [6, 1934] 
reports that this process is being operated in Winkler 
generators by the I G Farbenindustrie A -G 
When methane is employed as a source of hydrogen by 
apphcation of the reaction with steam, it is possible to 
produce 4 volumes of hydrogen per volume of methane 
decomposed Pure hydrogen may, of course, be produced 
by the complete thermal decomposition of hydrocarbons, 
but this process yields considerably less hydrogen than 
the steam reaction In locations where cheap supplies 
of methane and water are available, the methane-steam 
reaction is likely to prove the most convenient method of 
producing hydrogen 
The reaction 

CH4+2H,0->C0,-h4H, 

IS best realized in two stages, m the first of which methane 
and steam are allowed to react at high temperatures so as to 
effect complete conversion to hydrogen and carbon mon- 
oxide By subjectmg the resulting mixture to a further 
reaction with steam m the presence of a suitable catalyst 
at lower temperatures, the carbon monoxide may be con- 
verted into carbon dioxide and hydrogen This two-stage 
process may be summarized m the equations 
CH«-l-H,O^CO-l-3H„ 
and CO+H,0 - > CO,-|-H„ 

the overall effect bemg 

CH«-h2H,0 -► CO,-|-4H, 


Hie gas resulting from this two-stage system, and consisting 
of approximately 80% hydrogen and 20% carbon dioxide, 
can be readily freed from the latter so as to yield relatively 
pure hydrogen 

The reaction between carbon monoxide and steam 

CO |-H,0 COa-f H,-f 10 kg -cal (6) 


IS the well-known water-gas equilibrium, the constant of 
which IS related to temperature by the equation 

logAT, - 0 9103 log r+ 

+0 000974r-0 000000149r-0 118, 


where 


‘ FcoXFhjO 


The values of dimmish with rising temperature, show- 
ing that carbon-dioxide formation is favoured by the use of 
low temperatures and vice versa At 400“ C and 500“ C , A, 
has the numencal values 15 2 and 5 9 respectively, showing 
that these temperatures are suitable for the conversion of 
carbon monoxide into hydrogen and carbon dioxide under 
the action of steam With a ratio of steam to water gas of 
3 volumes to 1, the concentrations of unchanged carbon 
monoxide in the equilibnum mixture after removal of 
water are about 2% at 550° C , 1% at 445“ C , and 0 5"/o 
at 380“ C Even more favourable conversions may be 
attained at lower temperatures, but this necessitates the 
use of highly active catalysts, which are less resistant to 
poisomng than those which can be employed at somewhat 
higher temperatures For this reason, and because high 
reaction velocities are necessary in practice, temperatures 
of 450-500“ C arc commonly employed in large-scale 
operations In the absence of a catalyst, the reaction 
between steam and carbon monoxide is very slow, and 
accordingly the success of the process is dependent on the 
employment of a catalyst sufficiently active to allow of 
operation at temperatures below 500" C , and, at the same 
time, rugged enough to withstand prolonged treatment 
Many catalysts have been suggested, in most of which the 
oxides of metals of the iron group are the main constituents 
Evans and Newton [10, 1926] have examined numerous 
catalysts for this reaction, and their work indicates that 
iron oxide is the best single-component catalyst The 
activity of iron oxide and cobalt oxide can be promoted 
by the addition of aluminium and potassium oxides, 
but cobalt-oxide catalysts are readily poisoned by sul- 
phur compounds, whereas iron-oxide catalysts merely 
suffer a reduction in activity m the presence of sulphur 
compounds 

In order to attain as complete a conversion of carbon 
monoxide as possible, large excess of steam is commonly 
employed Even with a very large excess of steam it is not 
possible to reduce the content of carbon monoxide to a 
sufficiently low figure to permit the use of the resulting 
hydrogen, ivithout special purification, m the ammonia 
synthesis However, by employing a material which freely 
absorbs carbon dioxide at the reaction temperature, the 
equilibrium may be disturbed and practically complete 
conversion attained Gluud [14, 1930] proposed to employ 
dolomite at 480-500° C in order to remove the carbon 
dioxide as formed, and in this way was able to reduce the 
carbon-monoxide content of the final gas to 005-0*07% 
by volume The regeneration of the dolomite was earned 
out at temperatures not exoeedmg 1,050° C , and it was 
found that samples of dolomite containing cakuun 
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and magnesium in equal atomic proportions were most 
resistant to disintegration under the influence of repeated 
regenerations 

The reaction between carbon monoxide and steam is 
exothermic and may be made almost thermally self- 
supporting In order to increase reaction velocity, the pro- 
cess may very conveniently be carried out in two stages in 
the presence of suitable catalysts In the first stage the 
catalyst is maintained at a higher temperature than normal 
so that a high velocity is obtained, but the reaction gas con- 
tains a certain amount of unchanged carbon monoxide 
Passage of the gases through a second catalyst bed at a 
lower temperature serves to reduce the carbon-monoxide 
content to a figure of 1-2% 

In the two-stage process used by the Standard Oil Com- 
pany of New Jersey, the gases from the first stage, consisting 
of hydrogen, carbon monoxide, and small amounts of un- 
converted methane, are mixed with additional steam and 
subjected to the action of a second catalyst at about 450° C 
The gases leaving this second stage contain, in round 
numbers, 78% hydrogen, 20% carbon dioxide, 2% of 
unchanged methane, together with small amounts of carbon 
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monoxide After removal of the carbon dioxide by scrub- 
bing with water or tnethanolamine under pressure, the 
gas IS of sufficient punty for use m the hydrogenation of 
carbonaceous materials In this case the presence of small 
amounts of unchanged methane and carbon monoxide is 
not deleterious, but hydrogen intended for use m the syn- 
thesis of ammonia must be further purified from methane 
and carbon monoxide The complete removal of carbon 
monoxide is effected on a large scale by washing under high 
pressure with aqueous solutions of cuprous ammonium 
formate or carbonate, whereby the last traces of carbon 
dioxide and small amounts of oxygen in the gas are also 
ehminated 

Where the low temperature reaction of methane with 
steam is used to produce a gas containing hydrogen and 
carbon dioxide, appreciable amounts (5-15%) of un- 
changed methane as well as 1-2% of carbon monoxide will 
also be present in the products The methane concentra- 
tion of such gases can be reduced to a figure which would 
render the gas suitable for hydrogenation purposes, by 
subjecting them to a counter-current washing under high 
pressure with suitable solvents, such as mineral oils 
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THE PRINCIPLES OF HEAT TRANSFER 

By H. M. WEOt, BCh.E., PhD. 

Consulting Engineer, Rheinmetall -Borsig Akt Ges , Berlin, Germany 


There are three ways in which heat may be conveyed from 
one region to another by conduction, by convection, and 
by radiation Convection alone involves the motion of 
discrete masses of matenals Conduction and radiation 
are due to changes in molecular or electronic motion, but 
neither phenomena primarily requires the motion of any 
larger matenal masses 

In many cases of practical interest heat is conveyed by 
all three modes of transfer Since conduction, convecUon, 
and radiation are subject to very different laws, rigorous 
calculations would often be too mvolved for practical work 
It IS usual, therefore, to work out each of these effects 
independently, and the subject is treated in this way m the 
present article, the subject being grouped under these three 
heads m the order conduction, radiation, and, lastly, con- 
vection 

Very few fundamental studies of heat transfer have been 
made in which petroleum materials or apparatus closely 
paralleling refinery equipment have been the focus of atten- 
tion It IS therefore usually necessary to adapt the prin- 
ciples and data from other branches of engineering 

The published literature on the subject is very large and 
the bibliography must necessarily be selective, but it is 
hoped that most of the important references have been 
cited 

Particular reference should be made to the following 
works, to which special acknowledgement is due 


Badger Heat Transfer and E\aporation [2, 1926] 

Dictionary of Applied Phvsiis, Vol I [14, 1922] 

Fbhenden and Saunders The CaUulation of Heat 
Transmission [22. 19S2] 

McAdams Heat Ttansmission [59, 1932] 


In SO far as possible the recommendations on termino- 
logy of the Committee on Heat Transmission of the 
National Research Council have been adopted Accord- 
mgly, terms endmg in ‘ivity’, such as conductivity, re- 
sistivity, &c, express properties of matter which are 
independent of size and shape Terms ending in ‘ance’, 
as conductance, resistance, &c , refer to properties which 
depend both on the substance and its size and shape 
Finally, terms ending in ‘ion’ denote the rate of heat 
transfer and are accordingly influenced by all the condi- 
tions of a particular case, examples are conduction and 
transmission 

A uniform nomenclature has been used as far as possible, 
and It IS to be noted that, unless particular units are given 
for an equation, any self-consistent set of units may be used, 
suchasegs "C or ft lb hr “F Tables of physical data 
apphcable to heat transfer will be found in another article 
As many of these data are usually given megs units, it is 
often more convenient to evaluate dimensionless groups, 
such as the Reynolds number, using c g s data even when 
working with Bntish Thermal Units 

Conduction of Heat 

The necessary and sufllcient condition for heat flow by 
conduction is that a difference in temperature exists at two 
pomts not separated by a region devoid of matter Con- 


sequently, heat conductivity is a property of all matter 
whether solid, liquid, or gaseous 

Two types of conduction can be distinguished for sim- 
plicity in discussion 

1 The temperatures and the differences in temperature 
of the source and receiver are constant with reference to 
time The form of the system does not change with the 
time A system of this character is said to exhibit conduc- 
tion in the steady state The terms source and receiver, or 
source and sink, are employed here and elsewhere to dis- 
tinguish elements of a system in which heat is passing from 
the source to the receiver or sink In the absence of an 
agency in the path which performs work at the expense of 
outside energy, the source is always at a higher temperature 
than the receiver 

2 The temperature of cither, or both, source and re- 
ceiver changes with time — and the form of the system may 
also change Such a system exhibits conduction in the 
unsteady state 


Elementary Mathematical Theory of Conduction. 

The basis of all mathematical treatment of problems of 
heat flow by conduction is the monumental work of Fourier 
[23, 1822] The assumption oi iginally made, and which has 
been amply justified by experiment, is that in an isotropic 
body the flux of heat across a plane element, drawn in 
any direction through a point within the body, is m the 
direction of decreasing temperature Furthermore, it 
is proportional to the space rate at which the tempera- 
ture falls in the direction of the normal to the plane 
Accordingly, if 

SA - the area of the elemental plane, 

8a an elementary length of the normal to it, 
bQ - the differential amount of heat, 

8/ - the differential time interval, 

80 the differential change in temperature, 
then the positive or negative amount of heat which flows 
across the elemental plane is 

8Q=- -k^8A8t, (1) 

k being a coefficient called the thermal conductivity 
The simplest problems are those of linear flow m which 
the isothermal surfaces are parallel planes Where the faces 
of a large slab are parallel and are subjected to changes in 
temperature which are umform over each face, this con- 
dition IS fulfilled If the x-axis be taken normal to these 
planes, the amount of heat entering a volume element of 
umt area and thickness 8x m time St is 


The amount of heat which is leaving through the other face 
of the element is 


-‘(|h 
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Accordingly, there is a (posiuve or negative) gain of heat 
stored by the element equal to 


To find the change of temperature of the element it is 
necessary to divide this quantity by the heat required to 
raise it one degree on the temperature scale chosen This 
IS, of course, the product of specific heat, c, and the 
weight of the element p8x, where p is the density Hence 



where a k/pc This is called the ‘diffusivity’ Since all 
the factors in this expression are properties, the diffusivity 
is also a property, and its value for various substances is 
given in the tables of physical properties The general 
Fourier equation for heat flow in any direction can be 
derived m a similar manner or can be inferred from the 
above to be g,^. 




The Steady State of Conduction 
(a) Single Conductors Under this condition the tem- 
perature at any specified point in the body does not vary 
with tune Accordingly, the temperature gradient, written 
as —BBISx in equation (1), is independent of time, as is also 
the rate of heat flow, 8Q/8 i, i e 



It IS convenient, furthermore, to choose the fixed location 
of the area 8/4 at right angles to the temperature gradient, 
writing distances in the direction oi the gradient with the 
symbol x With these changes equation (1) becomes, for 
the case of steady conduction, 

(4) 

The coefficient of thermal conductivity, k, is expressed 
in the units 

(Heat quantity) x (^ngth)_ 

(Area) x (Temperature difference) x (Time) 

It IS a unique property of a given material which, however, 
vanes to a certain extent with temperature This vanaUon 
can usually be expressed with sufficient accuracy by an 
equation of the form 

(5) 

(b) Multiple Cbuductors The flow of heat successively 
or simultaneously through several solids is usually of more 
mterest than through a single one Two cases need to be 
considered (1) several solids are joined together to form 
a smgle or senes path for the flow of heat, and (2) the 
different solids present parallel paths for the flow of 
heat. 

It is helpful to notice that heat flow under either con- 
dition » entirely analogous to the flow of electricity m 
corresponding cucuits, temperature difference and voltage 
drop being the respective measures of tendency to flow 

In the first case, that of series conduebon, the heat flux 
under steady condibons » the same through each material, 
and tbe temperature gradient m each solid is the primaiy 


cause of flow Consequently, for steady conditions of heat 
flow through conductors in senes 

^ _ ki Ai\e^ ^ _ k„An^B„ 

^ Xi ' X, X, * X* 

The convenience of introducing the concept of resistance 
to heat flow is obvious Resistance =- J? = (x/kA) Using 
this nomenclature, equation (1) becomes 
AS, ^ 

R'l R, Rj ' R„' 

from which 

qRi = A6,, qRt AB^, qR^ AB^, &c 
Since the total temperature difference, or gradient, from 
the beginning to the end of the senes path is the sum of 
all separate gradients, 

q(R,-tRt+R^^ iR„)-^AB„ (6) 


In the second case in which the paths for heat flow are 
m parallel, the temperature gradient is the same for each 
sohd and the total heat flux is the sum of the separate 
flows through each of the n paths 




AS AB AB 




If conductance is defined as the reciprocal of resistance, 
we have 

Conductance — C 


j; q AB(Ct+ C, r C, ( -f C,.) -- AB i C„ (7) 


In complete correspondence to the rule for electrical 
circuits tlie findings of this section can be summarized 
For the flow of heat in a system of conductors in series, 
resistances are additive, while for a system of conductors in 
parallel, the conductances are additive 
Equations (6) and (7) arc exact Apphcations of them, 
particularly in the case of conductors in series, may result 
in error due to failure to take into account all of the 
resistances actually in the path tor instance, there is 
usually considerable thermal resistance at the junction 
between two metal surfaces due to imperfect contact or the 
inclusion of a him of oxide or oil or air 
When all the prmcipal elements of a conducting system 
have high thermal resistance, the percentage errors which 
may arise in calculating conductances are apt to be smaller 
than in the case of good conductors Van Dusen and 
Fmck [94, 1931] have studied the thermal resistance of 
single and composite wall-matenals, masonry. See Their 
observabons on the differences in values attributable to 
chance factors, to differences in workmanship, &c , are 
mteresting and show that on the average the calculated heat 
bansfer values are not far from the values determmed by 
experiment 


Conduction in Solids. 

For pracbcal purposes solids may be divided mto two 
classes metals and insulators As a class metals are dis- 
bnguished for their high values of thermal conducbvity 
For pure metals the coefficient « in equation (5) is in 
general small and negabve, while for alloys it is posibve 
Sohds which have exceptionally low values of thermal 
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conductivity are of special mdustnal interest since they are 
extensively used as heat insulators The natural low con- 
ductivity of such materials is usually enhanced by using 
them m more or less finely divided form A relatively large 
volume of air is thus trapped with the loose fibrous, cel- 
lular, or unonented aggregate Well-known examples of 
these materials are abestos wool, granulated cork, hair felt, 
magnesia flour In addition to heat conduction through 
pomt-to-pomt contact of the solids which form the mass 
of the substance, heat transfer occurs by convection of the 
air in the tmy cells and by radiation from wall to wall of 
these air spaces 

The three modes of transfer are not easily, or for most 
purposes conveniently, separated, so that the values of 
thermal conductivity reported in the literature for non- 
homogeneous solids are ordinarily apparent values only 
Nevertheless, these data can be used in the same way as 
true k values, providing the conditions of application do 
not depart widely from the circumstances under which the 
value of k was measured This limitation is important 
especially as regards the temperature and the bulk density 
of the material Among the many determinations which 
might be cited to illustrate the controlling effect of bulk 
density, those of Petavel [73, 1915-16, 74, 1930] with slag 
wool are typical Petavel found a minimum value of heat 
transfer with a bulk density of 10 lb pcrcu ft At a density 
of 5 lb per cu ft the heat transfer was 130%, and at IS lb 
per cu ft It was llO^G of the minimum value More 
recently Grifiiths [26, 1932] has obtained results of the 
same general character 

Heterogeneous materials of the type under discussion may 
approach the low conductivity value for air, but with one 
possible exception never equal it On reduemg the size of 
the interstices of the composite material by finer subdivi- 
sion, or by closer packing, the contributions of radiation 
and convection to the total heat transfer can be materially 
reduced But true conduction inevitably increases by the 
very curcumstance of greater bulk density The better heat 
insulation materials incorporate a nice (natural or artificial) 
balance between these opposing factors tending to alter the 
flow of heat 

The excepuon mentioned in the previous paragraph was 
noted by S S Kistler [50, 1931, 51, 1932], who has pro- 
duced a gel structure with silica in which the fluid phase 
is a gas, e g air, instead of a liquid Together with Cald- 
well [6, 1934] he measured the heat conductivity of some 
of these ‘aerogels’ and reported in 1934 that, on the aver- 
age, they exhibited about 10% less conductivity than air 
at atmospheric pressure 


Conduction in Liquids. 

The thermal conductivities of nearly all non-metallic 
liquids he between 0 0002 and 0 0006 c g s units, being 
therefore of a much lower order than the conductivities of 
most sohds However, under engmeermg conditions heat 
transfer m liquids always mvolves important convection 
efiects, so that low conductivity is by no means synono- 
mous with low total transfer rate 
For liquids the value of the coefficient a m equation (S) 
IS usually negative Water is an exception from two stand- 
pomts itsconductivitymcreasesvnthtemperature[42,1920] 
and Its absolute value is unusually high 
The efiect of pressure change on the heat conductivities 
of liquids is ne^gible for most engmeermg purposes, but 
piesumaUy the rate of change would become much greater 
m the region just below the critical point 


Conduction in Gases. 

Accordmg to the kmetic theory originally developed by 
Clark Maxwell, the thermal conducbvity of gases should 
be independent of pressure This is found to be true 
expenmentally down to very low pressures when the 
mean free path of the molecules becomes comparable with 
the dimensions of the contaimng vessel At these low 
pressures the conductivity is nearly proportional to the 
pressure 

There is a useful relationship derived from the kmetic 
theory between the conductivity k and the absolute visco- 
sity rj of gases, namely, 

( 8 ) 

where C, is the specific heat at constant volume and M is 
the molecular weight If the values of the variables are 
expressed megs units, the constant / should theoretically 
be equal to 2 5 However, this is approximately true only 
for monatomic gases For diatomic gases the constant has 
a value about I 75, and for tnatomic gases about I 4 This 
relation may be used to calculate the conductivity of gases 
when the specific heat and viscosity only are known 


Calculation of Steady Conduction. Mathematically 

Simple Forms. 

Equation (1) is the basis for calculation of all problems 
of conduction m the steady state It is convenient to 
operate on the derived equation (4), modifymg it to take 
account of the variations of k with temperature which 
becomes important where source and receiver are widely 
different m temperature By rearrangement of equation 
(4) and integrating we get 



Substituting the 
tegratmg. 



value of k from equation (5) 


and in- 


Since the product of the first two factors on the left side 
of the equation is the anthmetic mean of the upper and 

lower values of the conductivity, it may be written k 

and we get ,, 

= 9 J $ W 

The application of this equation to specific problems simply 
mvolves the expression of the area, A, as a funcUon of the 
length, L, after which the indicated integration can be 
performed 

A flat wall ofiers the most elementary example of the 
use of the equation, since m this case A is mefependent of 
L, 1 e the beat flow is perpendicular to the sides of the 
wall, providing these are at two different imiform tm- 
peratures Equation (9) becomes 


= ( 10 ) 

or 9 = kama 

The equation holds accurately for all portions of the wall 
area where the temperature gradient is actually perpendi- 
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cular to the faces of the wall If the ends and top surfaces 
of the wall are unprotected, heat loss occurs there, the 
temperature gradient hnes are curved, and the equation 
fails to describe the heat transfer in this locality However, 
if the wall IS relatively large in area, so that the ‘edge and 
adjacent' area is small m proporUon to the whole, it serves 
as an entirely satisfactory approximation 

Another common and simple case is that of conduction 
through a cylindrical shell surrounded by a central-heated 
or cooled core A lagged steam pipe is a good example 
If the length of the shell of lagging is very great in com- 
parison to Its thickness, the edge losses at the ends will be 
trivial in comparison to the total losses, so that the calcula- 
tion can be made of heat loss/unit length and the result 
multiplied by actual length 

In this case the temperature gradient is radial and the 
problem reduces to one of expressing the area at right 
angles to this gradient in terms of the radius r 


Writing n = the inside radius 
rj the outside radius, 
/ — length of shell 


Then equation (9) becomes 


W8.-8.) ij.ii 


Integrating and rearrangmg, wc get 
^ 27r/(6i-«,)fk„ea.. 

log,^* 

(11) 

2 73/(«.-6,)*™e.n 

(11«) 


Calculation of Steady Conduction. The Shape Factor. 

It IS often very convenient to make use of the idea of the 
* shape factor’ which was probably ongmated by Langmuir 
and Adams [55, 1913] 

For this piupose we can rewrite equation (9) in the form 
q (12) 


where 


5- 


1 


and IS called the ‘shape factor' 

The shape factor may be regarded as the mean area of 
the conducting path divided by its length It will also 
readily be seen that is a thermal conductance 

The shape factor for a flat plate (thickness small compared 
to other dimensions) is then simply A/L The shape factors 
for two other simple cases are as follows 
Hollow Cylinder, Diameter small compared to length 
Uniform temperature at inner and outer surfaces 

c 2jr/ 


log,'-* 


(13) 


Hollow Sjdure. Uniform temperature at mner and outer 

- IvTit, 


(14) 


If equation (13) is compared with equation (11) it will be 
seen that the ‘mean area* in this particular case is given by 

j _ (dj—Aj) 

“““ , A. 

log,^* 

This IS the same form as the ‘logarithmic mean' used for 
the temperature difference of heat exchangers When the 
ratio of the radii is less than 2 0, the arithmetic mean of 
the areas is within 4% of the true value and it is therefore 
often used for simplicity 

Langmuir and Adams [55, 1913] calculated the flow of 
heat from cubical and rectangular volumes enclosed by 
walls of uniform thickness and checked their theoretical 
deductions by measuring electrical conductance of volumes 
of electrolyte having the same shape as the walls of the 
various enclosures In this way they found what allowance 
for a square edge, a square corner, &c , had to be added 
to the shape factor for the slabs of insulation opposite the 
inner rectangular faces For instance, they found that a 
square edge was equivalent to an addition of 0 54 times the 
length of the edge 

Their conclusions as to the shape factor 5 for cubical and 
rectangular boxes can be summarized by equations m which 
A area of the interior surface, 

B - area of the outer surface 
X thickness of walls, 

\ I total length of edges of internal surface 


The equations differ for individual cases, depending on the 
relationship of wall thickness to other dimensions, and are 
as follows 


All interior dimensions ^ XiS 


S ~\0SA2I\12X 

(15) 

One dimension • Xj5 


S ^-1 0 465 2 / f 0 35Jir 

(16) 


Two dimensions < X/S (e g rod, square in cross-section, 
covered with thick insulation) 

c 2 73/ 


Three dunensions < XfS (e g small cube with thick 
insulation on all sides) 


i 0 79y(f) (18) 


These formulae apply strictly only if the inner and outer 
surfaces are at uniform and constant temperature, a con- 
dition which does not hold exactly m many practical cases 
Nevertheless, they are very useful in estunating approxi- 
mate heat losses 

Illustration An electrically heated muffle furnace is 
8 X 12 X 20 in inside and has a 6-m layer of insulation on 
ail sides Calculate the shape factor S for apphcation m 
equaUon (12), Smee all interior dimensions are greater 
than Xj5, equation (15) applies 

A -= 2[(8xl2)-f-(8 x 20)+(12 x 20)] == 992sq m 
ilf==6m 

2/ = 4(8+12+20)= 160 in 
S = ^ + 0 54(160)+! 2(6) = 259 in 
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For this particular case the use of the arithmetic mean 
area would give a result greatly m error The value of S 
calculated usmg the arithmetic, the geometric, and the 
‘ logarithmic ’ mean areas are given below for comparison 
Anthmetic mean S - 397 

Geometric mean S 322 

Loganthmic mean S = 347 

Graphical Solution of Comphcated Shapes. 

An approximate solution for the more complicated 
shapes can often be obtamed by reducing the problem to 
an equivalent simpler case, the exact solution of which is 
known There arc, however, many cases where this is diffi- 
cult, and some method of dealing with these is required 
There is a useful graphical method which depends for 
Its application on the problem being capable of being 
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treated as a two-dimensional one This method consists 
m drawmg in the Imes of flow of heat and the isothermal 
lines over the conducting area according to a simple set of 
rules These are as follows and they are illustrated by an 
example shown m Fig 1 

1 The two boundanes must be taken to be isotherms 

2 The pomts of intersection of a hne of flow and an 
isotherm must be at right angles 

3 The spacing of the Unes is chosen so that the areas 
enclosed by them approximate to squares Where 
these areas become much distorted it is only necessary 
to take the hnes of flow and the isotherms propor- 
tionately closer together 

The example shown in Fig 1 represents one quarter-section 
of a square bar 9 in square covered with 6 m of insula- 
tion Twelve equal temperature steps have been chosen 
whidi IS found to lead to 12 Imes of flow up to the comer, 
or 24 altogether for the quarter-section When the isotherms 
and the Imes of flow are drawn according to the above 
rules, this gives a shape factor of It = 2-0 for the quarter- 
section for unit length of bar This result may be compared 
with the case of the heat flow being confined to the slabs 
of insulation opposite the inner faces, that is, not being 
allowed to spread mto the comer The number of imes of 


flow would then clearly be 9 to the comer or 18 for the 
quarter-section, givmg a shape factor of if — 1 3 per unit 
length for the quarter-section 
The difference between these shape factors is 0 S which 
represents the added conductance due to the square edge 
wluch agrees quite closely with the value 0 54 given above 


Unsteady Conduction. 


The majority of processes m the petroleum industry are 
of the ‘continuous’ type, and consequently temperatures 
are steady except for the starting-up and shuttmg-down 
periods Although accurate calculation of heat transfer 
durmg these periods is not often required, a means of 
estimating this as well as the temperature gradients in the 
furnace walls is of value 

Certain other processes essentially involve changing tem- 
peratures. for instance, batch distillations and regenerators, 
and there arc many cases of a general character where the 
equations for unsteady flow must be applied 
Fourier’s general equation (3) can be adapted to the 
solution of any problem m unsteady heat conduction m an 
isotropic medium For the most part, however, the equa- 
tion for heat flow m one direction can be made to cover 
practical cases This equation may be written 


dt ' \pc/ dx'*' 


(19) 


or, wiitmg a in place of (A/pc), the diffusivity, for the sake 
of brevity as m equation (2), we have 


de _ ^ 

dt' “dx^ 


( 20 ) 


The diffusivity is that property of a substance which 
decides the rate at which a change of temperature is trans- 
mitted by conduction of heat This process bears a very 
close resemblance to that of molecular diffusion from 
which It derives its name 

The dimensions of diffusivity are . fro™ which 

It can be deduced at once that the time required for a given 
temperature rise in geometrically similar bodies under 
otherwise identical conditions is proportional to the square 
of the linear dimensions This is a very important point 
because, if a numerical example of a particular case is 
worked out, the temperature distribution, &c, for any 
other diffusivity or size of body can be readily obtamed, 
since the temperature distnbution will be the same through- 
out the body for corresponding values of oZ/jc® Thus, if 
the outside surface of a certain wall is raised to 150° F in 
1 hour after a constant high temperature is suddenly 
applied to the inner surface, doubling the thickness of the 
wall will extend the time to reach 150° F to 4 hours 


Special Cases of Unsteady Conduction. Analytical 
Method. 

In practised hands equations (3) and (20) are powerful 
tools, though It often happens that comparatively simple 
practical conditions lead to mathematical boundary con- 
ditions which make the solution extremely tedious or im- 
possible unless sunplifying assumptions are introduced 
The hterature contams many exact solutions of specul 
cases which have close counter^rts m practical conditions 
There are so many different cases that a useful proportion 
cannot be includedm this articleand the reader must refer to 
the text-books onthesubject [41, 1913, 7, 1921 , 8, 1934] and 
to theongmal articles [for examine, 31, 1923, and 6S, 1936]. 


THE PRINCIPLES < 
These cover cases of slabs, semi-iniimte solids bounded 
by a plane, square beams, cubes, cylinders, spheres, &c , 
the spaces of which are heated either periodically, at a 
given rate of heat mput, suddenly to a fixed temperature, 
or through a heat-exchange medium from a fixed tempera- 
ture, &c , and solutions are required for the temperature 
distnbution over the surface, at the centre and throughout 
the volume, and also for the rate of heat absorption and 
the total heat absorbed. 

The most useful form of solution for these cases is 
graphical, m which curves are given for particular values 
of for the reason mentioned above, and many such 
solutions have been published 
Gurney and Lune [31, 1923] reduced the mtegrated 
equations for a number of shapes to functions of four 
dunensionless groups and have plotted these functions m 
such a way as to simplify numerical calculations Only 
three cases can be mentioned in this article, but these will 
serve to indicate the nature of the analytical problems 
involving unsteady conduction 

(a) The simplest case mathematically is that of a solid 
bounded by a plane, the surface of which is subject to 
a simple sinoidal variation of temperature with time The 
plane surface is situated at x — 0 and the solid is semi- 
mfinite m extent (in the positive direction of x) Any other 
periodic variations of temperature can be represented as 
closely as required by a Fourier senes For instance, Pugh 
[76, 1936] gives one to represent the typical changes m 
surface temperature of thick walls expos^ to the sun 
Assume the surface temperature variation to be given by 

where 

6 = temperature at time t, 

= amplitude of the temperature oscillation (= half- 
range), 

T periodic time of osallation 
It can be shown that the solution of equation (20) which 
satisfies these boundary conditions is 



Obviously heat will flow m and out of the surface during 
alternate half-periods of the cycle From the form of the 
equation it will be seen that the amplitude dumnishes as 
the depth x below the surface increases The following 
charactenstics of the temperature wave may be deduced 
Wave-length = ylCAnaT), 

Veloaty of propagation = Ji^)> 

Amplitude at any depth x = OoC 
Tunc lag at depth x = 

It can also be shown that the total heat flow Q through 
the surface dunng a half-penod is given by 

(b) Another useful and comparatively sunple case is that 
of a waU of fimte thickness uutially at a uniform tempera- 
ture $ 1 , the front surface of which is suddenly raised to 
a new and constant temperature 6%. 
m 
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If the back surface is protected from heat loss, it is clear 
that the whole wall will finally be raised to At any inter- 
mediate time t the temperatiue distribution is given by 

B-Bi , _(2ff-l)ffx 

B,-B, nZ “(iT^T) ST"' 

where X is the total thickness of the wall. 

The total amount of heat absorbed by the wall up to 
time t expressed as a fraction of the total heat when the 
uniform temperature has been reached is given by 

Qt_ 8 e-(«»-i)wi/4X‘ 

Up to the time when the temperature of the back surface 
starts altering appreciably, this equation may be sunph- 



and when the back surface has nearly reached the final 
temperature, all except the first term may be neglected and 



These equations have been made use of by Lacey [53, 1933] 
in his work on molecular diffusion of gas ui oil, to which 
the equations for unsteady heat flow are apphcable with 
hardly any modification 

(c) Another important case is exactly similar to the pre- 
vious one, with the exception that the back surface is mam- 
tained at the initial temperature Bi It is clear that, m this 
case, a constant temperature distribution will finally be set 
up throughout the slab, and this fact can be deduced 
directly from the equation (20) By definiuon. 



and since the diffusivity a is not zero 



The solution of this equation is in the form B = A+Bx, 
which represents a straight Ime, and therefore the tem- 
perature at any point between the faces is given by 

9 = 6,+{B,-6^^. 

where x is the distance measured from the front face at Bx. 

A complete soluUon for this case has been given m 
graphical form by Hmton [35, 1935], his chart being shown 
on Fig 2 The expression bemg dimensionless, its value 
IS unaltered provided self-consistent umts are used. Inger- 
soll and Zobel [41, 1913] have shown that an allowance 
can be made for the condition, which is usually the case 
m practice, that the surfaces are m contact with a heat- 
transfer medium instead of havmg constant temperature 
as assumed, by addmg a suitable thickness to the wall 
and choosmg a shghtly different temperature in place 
of B, This pomt is referred to agam later m the next 
secUon 

Graphical Mediod. 

E. Schmidt [83, 1924] has developed a method by which 
the heatmg and coolmg of slabs sudt as furnace can 
be calculated graphically. 

.1 
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Fig 3 illustrates the principle of the method 
Let Ax = a small but finite element of thickness of 
the wall, 

A/ = a finite time mterval, 

^ii 0t> = temperatures on any convement scale, 

A: — the conductivity, 
p = the density, 

c — the specific heat of the material m the wall 
The broken solid line on Fig 3 represents the trace of 
temperature through the wall at a given time, u say 
Then the heat transmitted m the time At, after /«, through 
unit area of an element, e g the (2H3) element, is 


and likewise, through the (3H4) element. 

The difference m these two quantities is the heat stored 
dunng Ar in an element Ax m thickness, located sym- 
metrically on both sides of plane (3) as shown by dot-dash 
verticals on Fig 3 This stored heat is given by 

This stored heat may also be expressed by the term 
(^s— ^i)pcAx, where ^ and 0* are temperatures m plane (3) 
at the end and at the beginnmg of the tune mterval At 
respecUvely 

^uating the two expressions 

<«-*•) 
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Since the time interval At and the element of thickness Ax 
are mdependent and finite quantities, their values can be 
selected accordmg to the dictates of convenience 
For the purpose of graphical solution it is simplest to 
choose Ar and Ax such that 

m)-' 

In this case equation (21) reduces to 


A straight line, shown dotted m Fig 3, which connects the 
plotted points fft and 0 ,, intersects the vertical line ( 3 ) m 



Fio 3 


a pomt which is seen to be the terminus of a vertical of 
length ^ 4 ) In other words, by choosing A/ and Ax 
to make equation ( 22 ) true, it is possible to determine by 
a simple graphical procedure the rises in temperature over 
the time interval A/ This is the fundamental feature of the 
method for arriving at graphical solutions of heat flow m 
the unsteady state 

An example may be of assistance in visualizing the un- 
plications of equation ( 22 ) with reference to the graphical 
work In studying the heat transfer through a concrete 
wall of difiusivity 0 0056 cgs unit we should arrange 
matters so that 

^ __! 895 

Ax’ 2(0 0056) 

If Ax were chosen as 1 cm , we would have ten sections m 
a 10-cm wall and the time interval would be 89 5 sec 
A better selection might be Ax = 2 cm , in which case Ar 
would be 358 sec 

The beat transfer coefficient A* between the surrounding 
medium and the surface of the slab or plate is usually 
assumed to be mdependent of the temperature-level and 
dueedy proportional to the difference between the tem- 
perature of the surface 0 , and the temperature of the sur- 
roundmg medium 0m At this stage in the discussion of 
the general subject of heat transfer it is not possible to 
discuss factors entering mto the value of the coeflkient An, 
but we can write . ^ 

= (23) 

where the left-hand member is the heat transmitted to unit 
area of the wall surface m umt tune, and the nght-hand 


side is the heat conducted through the umt surface m umt 
time 

In terms of a graph the equation means that the tangent 
to the temperature curve at the surface of the wall goes 
through a point 0m located k[hm units from the surface of 
the wall 

An equation similar to (23) holds for the heat transfer 
from the other surface of the wall to the medium which 
surrounds it The temperature of the second medium, 
which we may designate as 0i,, and the value of the heat 
transfer coefficient h,, will in general be different from 0m 
and hm Nevertheless, the tangent to the temperature curve 
at this surface of the wall will pass through a point havmg 
coordinates and spaced a distance of k/hu 

If 0m or An or if 0j, or A* change with the lapse of time 
dunng a period under consideration, an appropriate shift 
of the point or points through which the tangents to the 
temperature curve pass can readily be made An equivalent 
change to take care of altered conditions in the environ- 
ment cannot be made in the course of an algebraic solution 
of unsteady state conduction This flexibility of solution 
constitutes one of the great advantages of the graphical 
method, particularly since many practical problems fall in 
this class 


Radiation of Heat 

As IS well known, heat in the form of radiant energy 
can be transmitted across space devoid of matter 
It IS important to realize that radiation from flames 
and hot bodies consists of a wide range of wave- 
lengths conveymg different fractions of the total radiant 
energy 

When radiant energy falls on matter it may be absorbed, 
reflected, or transmitted Expressed m terms of wave- 
lengths visible to the eye, a body which absorbs the radia- 
tion is said to be black, one which reflects it is white, and 
one which transmits it is transparent Actual bodies have 
properties intermediate between these extremes 
No plane surface is a perfect reflector, nor is there one 
which is a perfect absorber— even lamp-black reflects about 
5% However, a perfect ‘black body’ is needed both as 
an idea for theoretical treatment and also in practice for 
the measurement of temperature, &c This ideal ‘black 
body ’ can be realized as closely as required by constructing 
a hollow enclosure opaque to radiation pier^ by a rela- 
tively small hole In this way any radiation entering the 
hole IS absorbed by multiple reflection on the inside surface 
of the enclosure and only an infinitesimal fraction escapes 
from the hole again if this is small enough 
The imaginary surface which may be substituted for 
this hole IS termed a perfect black body since it absorbs 
100% of all incident radiation Actual solid surfaces 
possess absorbing properties or ‘absorbtivity’ m varymg 
degrees, which is expressed as a percentage of the absorp- 
tion which a black body would show under the same 
condiUons 

It IS a matter of common experience that hot bodies 
radiate heat, and that as the temperature is raised not only 
does the total energy radiated per unit area increase but 
the quality or ’colour’ of the radiation also changes This 
latter effect is, of course, due to change in the relative 
amounts of energy m the wave-lengths short enough to 
aflect the eye, and is the basis of the useful colour scale, 
due to Pouillet, for hot objects which can be approximately 
regarded as black bodies. 
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Pouilkt's Colour Scale 

‘F ‘C 

First visible red , 977 S25 

Dull red 1,292 700 

Turning to cherry 1,472 800 

Cherry 1,652 900 

Bright cherry 1,832 1,000 

Dull orange 2,012 1,100 

Bright orange 2.192 1,200 

White 2,372 1,300 

Brilliant white 2,552 1,400 

Dazzling white 2,732 1,500 

Sunlight 11,000 5,600 

KiFchhoff first pointed out, in 1860, that there is a fixed 
relationship between the amount of radiant energy which 
any body will emit, and that which it will absorb The 
ratio of energy emitted from a surface to that emitted by 
a black body at the same temperature is defined as the 
emissivity of the surface The ratio of the radiant energy 
absorbed by the surface to that which a black body will 
absorb is termed the absorptivity of the surface In symbols 
Kirchhoif 's law may be written 



El and Eb are the radiant energies of any or all wave- 
lengths emitted from the surface and by a black body 
respectively for the same area and the same temperature 
Ai and A, are the radiant energies of the same wave-length 
range absorbed by the surface and the black body re- 
spectively Since the emissivity e and the absorptivity a are 
identical in value, only one symbol, e, will be employed 
hereafier This coefficient e is less than 1 for all actual 
surfaces, which is, of course, only a restatement of the fact 
that the black body is both the most efficient radiator and 
absorber 

The following general statements can be deduced directly 
from Kirchhoff’s law (a) If a body absorbs radiant energy 
of any wave-length, it must also emit the same wave-lengths 
at the same temperature If a body is placed in a uniform 
temperature enclosure, the emission equals the absorption 
after temperature equilibnum is established (b) A body 
at a given temperature cannot emit more of a given kind 
of radiation than exists in the full radiation for that tem- 
perature 

Most actual surfaces absorb and emit energy of different 
wave-lengths selectively In other words, the coefficient of 
emissivity or absorptivity varies with wave-length of ti» 
energy under consideration and also with the temperature 
of the surface, but whatever the amount of energy emitted 
in a given narrow band of wave-lengths, it is never greater 
than the radiant energy of the same wave-length range 
emitted by a black body at the same temperature The 
term 'grey body’ is used to designate a surface which 
shows a constant value of e for all wave-lengths and for 
all temperatures 

The coefficient of eimssivity (or absorpUvity), e, for 
actual surfaces depends not only on the wave-lengths but 
also to a certain extent on the angle at which radiation 
faUs on or leaves the surface The normal emissivity for 
polished metals may be as much as 20% less than the 
hranisphencal emissivity, but for non-metals or metab with 
a matt surface the two values are very nearly the same 
Suioe the latter types of surfaces are most frequently met 
under conditions of large-scale heat transfer, it is allowable 
m most engmeering calculations to ignore the differences 
m emissivity as a function of direction. 


Black-body Radiation. 

The most important relationship from the standpoint of 
beat transmission is the Stefan-Boltzmann [92, 1879, 4, 
1884] law which states that the total rate of heat radiation 
per unit area, E, of all wave-lengths passing from one black 
body to another black body is proportional to the differ- 
ence of the fourth powers of their absolute temperatures, 
thus E=-a(Ti-ri) (25) 

The constant a has been experimentally determined and 
the accepted mean value is 

5 72 erg (cm )-* sec -‘ (“ K 
or 1 72 X 10->® B Th U (ft )"* hr (° F abs )“*, 

The formula expressing the energy of any specified wave- 
length A emitted by a black body, derived theoreUcally by 
Planck [75, 1900], is 

The accepted values of the constants are as follows 
C, == 3 703 X 10-‘ erg cm ’ sec 
C, = 1 433 cm . 

where A is expressed in centimetres and T in ° Kelvin, and 
Ex is the total hemispherical radiation in erg cm ■'* sec 
Fig 4shows this relation plotted for 1,000“ and 1,100“ K 
The dotted line is a trace of the maxima of these curves 



Fig 4 


In the present connexion a more important relationship is 
that between the wave-length of maximum energy A and 
the absolute temperature T deduced by Wien [96, 1896], 
known as Wien’s displacement law 

= * 7 *"* ( 27 ) 

The mean experimental value of the constant h «■ 0 2885 
for A expressed in cm and 7 in ° Keivm 
This lelauonship is useful m showing the predominant 
wave-length at any temperature for which emissivity data 
IS required m any particular case The followmg table gives 
this for a few selected temperatures 
Table I 

Temperature Ann ^ I* 

tn'C (10-*c«) 

15 10 

100 8 

300 3 7 

1,000 2 3 

1,300 16 

SunliEht approx. 0 5 
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These relations help to explain Pouillet’s colour scale men- 
tioned above, but it will be seen from the above table that 
the descnption 'white’ given to temperatures between 
1,300° and 1,500° C must be attributed to the brightness 
of large areas at these temperatures rather than to their 
colour. 


The most fundamental single datum in radiation pheno- 
mena IS, of course, the energy radiated by the sun It has 
been found by experiment that this is substantially con- 
stant The b^t v^ue of the ‘Solar Constant’, defined as 
the radiation falling in unit time on umt area situated just 
outside the earth’s atmosphere, appears to be 425 B Th U 
(ft )~* hr This corresponds to a sun temperature (sur- 
face) of 5,600° C if the distance is assumed to be 92,000,000 
nules 

The fraction of the solar energy which penetrates to the 
earth’s surface is, of course, variable, depending on the 
weather and other local factors such as smoke and dust m 
the air Although on exceptional occasions it appears that 
the radiauon may be as high as 300 B Th U (ft )'• hr 
for average clear weather at sca-lcvel, a figure of 250 
B Th U (ft )-* hr is perhaps more representative [46, 
1928] 

At night, when the effective radiation is only that small 
quanUty received from the stars, it is calculated that a black 
surface outside the earth’s atmosphere would fall to about 
— 441°F The atmosphere protects the earth from the 
large radiation to outer space which would otherwise occur 
by reason of this low temperature Dmes [15, 1921] and 
others have concluded that the equivalent sky temperatures 
are between —40° and —50“ F on clear eveiungs after 
sundown The cooling of bodies at night under a clear sky 
due to radiation to outer space can be calculated approxi- 
mately on this basis 

The selective character of the absorption and emission 
characteristics of many surfaces is often of controlUng 
importance in their behaviour W W Coblentz [9, 1905] 
performed some instructive expenments which have a direct 
bearmg on the temperatures attamed by surfaces, eg 
petroleum tankage, exposed to sunlight Coblentz exposed 
polished sheets of aluminium to the direct rays of the sun 
and found that they attained a temperature of 111° F 
Sheets covered with three coats of white lead or zinc oxide 
pamts showed a temperature of 105° F when exposed 
simultaneously with the others Thus, while the painted 
surfaces were better absorbers of visible radiation, which 
mcludes the maximum radiation m sunlight, they were also 
better absorbers and hence emitters of energy in the region 
of 8 to 9/a, which is the region of maximum radiaUon for 
temperatures around 1(X)° F , consequently the equilibnum 
temperature of the painted surfaces was lower than that of 
the bright alununium, which does not radiate equally well 
m this relatively low-temperature region 

The Effect of Absorbers In (be Path of Radiation. 

In discussmg conduction the quantitaUve eflfect of con- 
ductors m parallel and in senes was considered There is 
no exact analogy to parallel conductors in radiation pheno- 
mena. However, if two sources of radiation, shielded from 
one another, radiate to a smgle absorber, the effects are 
addihve When the sources of radiation are not shielded 
from eadi other the treatment is more compheated and 
will be reserved for later discussion 

A partial analogy to a senes of conductors occurs when a 


series of absorbmg surfaces are placed in the path of radiant 
energy. This is a simphficaUon of an important pracucal 
condition met with m insulating against radiation losses, 
and will be bnefly discussed here 
Consider an evacuated enclosure bounded by two planes 
If, for simplicity, these two planes be assumed to have an 
emissivity value of 1, then the simple Stefan-Boltzmann 
equaUon (25) will give the radiation effect, i e 
E=a(X\-T*0. 

If the evacuated space be divided mto two parts by inter- 
posmg absorbing planes (emissivity and absorptivity — I), 
then the quantity of heat transmitted through each of the 
two spaces must be equal 

Ex = <T(Ti-Ti) = a(7l-7^). 


Substituting this value in the previous equation. 


Ex = 




By similar reasoning it can be shown that in general for 
n planes 


En 


(n+1) 




Thus the interposition of absorbmg planes in the path of 
radiation reduces radiant heat transfer by the fraction 

1 

1 -f the number of planes 


A similar argument applies if emissivity factors other than 
1 are introduced, as, for instance, with polished metal 
surfaces which have low emissivities and reduce the radia- 
tion still further Direct application of this relationship is 
made in the mterposition of polished metal cyhnders in the 
silvered vacuum jackets of Dewar flasks or of laboratory 
fractioning columns, and in the use of aluminium foil as 
a form of insulation 

The loss of heat through insulators by radiation has been 
mentioned When these materials are composite and con- 
tam many tiny air cells, the radiation is much less than 
otherwise due to the circumstance that, in effect, many 
walls are mterposed in the path of radiant energy Not- 
withstanding the fact that large reduction of loss by radia- 
tion IS secured in this way, it is by no means true that in 
all instances this source of loss is unimportant in com- 
parison to losses by convection and by conduction 


Calculation of Radiation. 

It is now feasible to discuss the engmeering applications 
of the Stefan-Boltzmann relationship (equation (25)) It will 
be recalled that the equaUon relates the exchange of radiant 
energy from one black body to another For practical con- 
ditions where this ideal situation does not apply, either the 
constant must be modified or (preferably) other factors 
must be introduced to take account of (a) the departure 
of the emissivity and absorptivity of the two bodies from 
that of black bodies, and (b) the geometrical disposition 
of the radiating surfaces which may or may not prevent 
the total emission from each of the two surfaces bemg 
intercepted by the other 

Equation (25) can be modified for convenience m en- 
gineenng application, first by the substitution of English 
umts, and second by the mtroduction of the factors just 
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QienUoned, to give a basic equation for engineering cal- The evaluation of the factors F, and F, u equation (2Sa) 
dilations TIT \* IT studied in detail by Hottel [37, 1930] and the 

q = 0 172A (^) F,F„ (25o) results have been presented in a convenient tabular form 

1X100/ \100/ J and in curves Table II and Figs 5, 6, 7 are taken duectly 

where q net exchange of radiant energy (B Th U from this work Many problems can be solved by the 
per hr ), application of the data in the table with more or less 

A — area of one of the two surfaces (sq ft ), obvious modifications thereof 


7*1 and — absolute temperature of the two surfaces 
CF). 

Fe -- a factor of emissivities — ^in general a func- 
tion of the emissivities Ci and ex of the 
surfaces. 

Ft = a factor of situation or geometrical arrange- 
ment of the surfaces with respect to each 
other 

A few remarks are required before the application of 
equation (2Sa) to practical problems is illustrated 
(fl) Division of each temperature by 100 before raising to 
the fourth power is only an artihce to avoid very large figures 
within the bracket and a very small constant in the equation 
(6) The emissivity of non-black bodies is influenced 
somewhat by direction, so that factors F« and F, are not 
stnctly independent, but this effect is usually small and will 
be ignored 

(c) The method of evaluation of factor F« for specific 
cases will be indicated below The derivation assumes that 
the total emissivity and absorptivity of each surface are 
numerically equal In general the emissivity of a surface 
at Tx IS not identical with its absorptivity for radiation from 
a b^y at Tx However, the degree of mequality is not 
large enough to introduce great error in most cases of 
engineering interest 



Reference to the original article must be made for details 
as to the method of calculation of the factors F« and F„ 
but the general nature of the argument m evaluating factor 
Ft can be indicated for two cases Equality of emissivity, 
e, and absorptivity, a, is assumed, even though this holds 
stnctly only when equilibnum temperature conditions exist 



Coie 1 Dimensions of one surface 
small compared with distance to the 
other If £ = the emission of a 
black-body surface at the given 
temperature, surface A/4t emits eiE 
Surface Ax absorbs e, of the emission 
from Ax and reflects 1 — e. Because 
area AAi is small, a negligible 
fraction of this reflected radiant 
energy will be intercepted by it to 
undergo a second reflection to 
Ax Hence F, = ex without great 
error 

Case 2 Jqfinite parallel planes 
Radiant energy leaving Ax under- 
goes an infinite number of alternate 
partial absorptions at Ax, and, after 


Fio 5 Radiation between surface element and rectangle above and parallel to it alternate reflections, at Ax The 

TChem Eng Handbook) the alternate members of 

the two infinite senes, which give 

(<0 Since surface temperatures appear as fourth powers the absorption at each surface, is the expression* 
m the equation, it is obvious that they must be known j 

with considerable accuracy if large errors m heat transfer • 

calculations are to be avoided — + - — 1 


The approxunations inherent m equation (25a), its sensi- 
tivity to small differences m temperature, and other factors 
such as gas radiation, which will be discussed later, com- 
bine to make its application rather inaccurate However, 
the application of first principles is frequently of material 
assistance m interpretmg furnace behaviour and m pre- 
dicting the probable effect of modifications of design, even 
though complete and accurate calculations cannot be made 


so that this is the factor to allow for the emission of two 
infinite parallel planes 

Radiation from Non-laminoas Gases. 

Paschen [72, 1894] published the results of his mvestiga- 
tion mto the emission and absorption spectra of water 
vapour and carbota dioxide from which he concluded that 
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Table n 

Radiation between Solids^ Factors far use In Equation (25a) 


Surfaces between which radiation Is 
being interchanged 
Infinite parallel planes 


2 Completely enclosed body, small compared 
with enclosing body (Let subscripts 1 refer 
to enclosed body) 

3 Completely enclosed body, large compared 
with enclosing body (Subscripts 1 refer to 
enclosed body) 

4 Concentric spheres of infinite cylinders 


5 Element dA and rectangular surface above 
and parallel to it, with one corner of rect- 
angle contained in normal to dA 

6 Two parallel circular disks of same diameter 
with centres on same normal to thur planes 

7 Two equal rectangles in parallel planes and 
directly opposite one another 

8 Two equal squares in parallel planes and 
directly opposite one another Special case 
of? 

9 Two rectangles with common side, m per- 
pendicular planes 

1 0 Parallel squares or disks, connected by non- 
conducting but re-radiating black walls 


dA 

Either 

Either 

Either 

Either 

Either 


Approximate formula^ 
Given in Fig 6, line 2 


Given m Fig 6 li 
I (approximate) 


1 t 

-4 i-l 


Exact treatment dependentx 
on kind of reflection | 
ff lies between ci e, and I 


1 — i 1 

I e, e, 

for all cases 
I Approximately e, e. 
Approximately e, e. 


* Enclosed body must contain no negative curvature if Ai is used Replace any ‘dimples' in surface by equivalent 
planes in evaluating Ax, and raise ‘effective’ emissivity from e, towards unity m proportion to depth of dimple 
t First form results from assumption of completely diffuse reflection, second if reflection is completely specular True 
value will he very much nearer first than second 
t Fi — Factor obtained for Case 8, for squares equivalent to smaller side of rectangle 
b, - Factor obtained for Case 8, for squares equivalent to larger side of rectangle The approximation F, -• s/(F<F/) 
introduces less than 1 "i error 

(Taken by permission of Mech Eng ) 
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these two gases were entirely responsible for the radiation 
of heat from non-lummous gases 

Smce that tune further mvestigations into the absorption 
*of radiation by these gases have been made by H Schmidt 
[85, 1909], von Bahr [3, 1912], and Hettner [34, 1918], and 
Schack [81, 1924] calculated from this dau the intensity of 
radiation to be expected from layers of water vapour and 
carbon dioxide of this radiation in the operation of 
furnaces 

Some direct measurements of direct heat radiated from 


gas and the surface enter as well as the emissivity of the 
surface 

The two unique factors for gas radiation are grouped 
together to form a product PL, where P is the partial pres- 
sure of the smgle constituent m a gas (mixture) which is 
r adiating energy at the temperature m question, and L 
IS a funcbon of length which is specific for each of the 
several forms of gas volume which are ordmanly met m 
pracUce All the data refer to a total pressure of 1 atm 
and for partial pressures up to 1 atm Quahtatively it is 



{.Trans Amer Jnst Chem Eng 31, 517 (1935)) 


Steam jets were made by E Schmidt [82, 1932] which dis- 
agreed with Schack’s calculaUons by 200 or 300%, which 
shows that this type of calculauon could only be regarded 
as veiy rough 

The firet complete set of measurements of total energy 
onission from both of these gases at high temperature was 
published m 1935 by Hottel and Mangelsdoif [39, 1935] 
Die data are set out m the form of energy-emission curves 
convenient for engmeenng calculations Figs 8 and 9 are 
copies of the pubhshed data, which should completely sup- 
plut the tentative curves of the same general character 
which had been calculated m 1924 by Schack from infra- 
red absorption data 

The results of a similar mvestigation which agree with 
those of Hottel were published by Fishenden [21, 19361 
whose paper contains a useful review of the accuracy to be 
expected from such measurements 

Two factors play a part m the net radiation of energy 
by a hot gas to a surface which enter uniquely because of 
the nature of gases These factors are the concentration 
of the constituent wluch is responsible for the radution (m 
case a mixture of gas is mvolved), and second, the form 
or shape of the gas volume which ‘sees' the surface In 
addition to these factors, the temperature of both the 


known that the total pressure on a gas mixture as well as 
the partial pressure of the radiating or absorbmg con- 
sUtuent influences the character of emission or absorption 
so that application of these data to superatmosphenc pres- 
sure involves error, though the magmtude of the error is 
not yet known 

In the hterature on gas emission the term ‘shape factor’ 
has been employed, but Hottel [36, 1927] has shown that 
this factor can be taken equal to umty with a good approxi- 
mation provided values of a charactenstic dimension L are 
taken from the following table 


Table HI 

Values of L which yield Shape 
{approximately) 
Shape of gas enclosures 

Sphere 

Cube 

Infinite cylinder 

Space between infinite parallel planet 
Space m between tubes i Clearance ->2 0 
m an infinite bank I (tube diameter) 
with centres at apexes I Clearanee 1 0 
of equilateral tnangles / (tube diameter) 
Rectangular parallelepiped 1x2x6 
radiating to targe face 


Factors ^10 


Value for L 
2/3 X diameter 
2/3 X side 
1 Oxdiameter 

1 8 X (distance apart) 

3 8x(clearanc^ 

2 8x(clearanoe) 

1 3x(smallest dimen- 
sloiO 
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In the case of non-lununous gas radiation, as m all 
others, the net exchange of energy between the source and 
receiver of the system may be considered to be the differ- 
ence between energy output and mput to either element 
For the system consistmg of a hot gas and a surface it is 
convement to consider the net exchange as the difference 
between the energy emitted by the gas at temperature ti, 
and that absorbed by the gas from the energy beam emitted 



TcmrcMtuK •««>(» rAHDENNcn 
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EtffL = energy emitted by gas, temperature r„ when con- 
ditions are denoted by partial pressure F and 
factor L from Table III (B Th U (ft )“* (hr )-^), 

Atft,fL — energy absorbed by gas at temperature and 
conditions denoted by FL, as above, when the 
surface emitting the energy is at temperature t, 
(BThU (ft)-‘(hr)-i) 


by the surface at r. If the temperature of the gas and 
surface were identical, then the quality and the intensity 
of the energy absorbed by the gas from the surface radia- 
tion would equal that which it would emit at the same 
temperature, i e Kirchhoff ’s law would apply, and charts 
of energy emission v temperature such as Figs 8 and 9 
would supply all necessary data Since the temperatures 
are not identical in any practical case, it is only possible 
at first to wnte a formal equation such as 

^ = c(£i, PL—'dtfU pl), (28) 

where, using the English system of units, 

g ^ heat transferred from gas to surface (B Th U 
(hr)-‘), 

A = area of surface (ft *), 

e •= absorptivity of surface for gas radiation, which 
may be taken as the normal emissivity of the 
surface at its temperature t, (pure number). 


Fig 8 permits the evaluation of EtfPi, for cases in which 
carbon dioxide is present with other non-radiatmg gases, 
and Fig 9 can be used likewise for gases containing water 
vapour as the sole radiating constituent The procedure 
consists in the erection of a vertical from tg as abscissa to 
the appropriate value of FL on the curves and readmg the 
corresponding ordinate 

The relation between the quantities AiguPt and £i,PL 
which can be read from the figures depends on the change 
m effectiveness of mdividual molecules as absorbers and 
also on the change m their number m a given volume with 
temperature 

Hottel's measurements of absorption show that the two 
factors substantially balance out in the case of water 
vapour, and therefore in this instance At,i,pj:, = Eupl 
The findmg is different for carbon dioxide, however The 
measurements show that 

Atgi,PL = EtgrL[Y) • 
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in which P' --c p(— ) obtaining qjA, the results are not likely to be of a high 

'ly order of accuracy 


P' IS the element which takes account of the change in the 
number of molecules m any given shape as the temperature 
of the gas differs from t^t of the surface, whereas the 
absolute temperature ratio funcUon (3J/2;)® « reflects the 
change of inherent effectiveness of each molecule to absorb 
radiation 

The practical interpretations of equation (28) for use m 
coiyunction with Fig 8 or 9 are therefore as follows 
For water vapour use Fig 9 and equation (29) 

^ = e(Er,Pi— £1, ,>/) (29) 

For carbon dioxide use Fig 8 and equation (30) 

] (30) 

The method of evaluating the terms Et,pL in either equation 
has already been mentioned The term Euipm equation 
(29) IS determined in the same way, using the tempera- 
ture of the surface t, as abscissa for Fig 9 To determine 
EitFiXTelT,)^ “, first multiply the partial pressure of carbon 
dioxide m the gas under consideration by the quotient Tt/Tp 
to get P' and then calculate P'L This quantity dctermmes 
the intersection of the vertical at i, agamst which the 
ordinate of energy is read on Fig 8 Multiply the value 
so obtained by (7;/r,)«« 

When both carbon dioxide and water vapour are present 
together in a gas mixture, as is the case m the combustion 
of fuels contaming both hydrogen and oxygen, the net 
radiation from the mixture is not equal to the sum of the 
ladiauons which would be calculated from equabon (29) 
plus equaUon (30) This is due to the fact that in certain 
spectral regions, notably within the band of 2 6S-2 8Sf<. and 
also 1 3-1 7/i, both gases radiate energy Consequently each 
gas aflfects the behaviour of the other and a correction 
factor to reduce the sum of the separate energy radiations 
IS necessary The insert at the upper left-hand comer of 
Fig. 9 supplies this factor K for use in the equation for gas 
mixtures contaiiung both carbon dioxide and water vapour, 
namely. 


Radiation from Gases other than Carhon Dioxide and 
Water Vapour. 

In addition to nitrogen and oxygen, which appear to be 
almost completely transparent to heat radiations, m fuel- 
fired furnaces the flue gases contam hydrocarbons, sulphur 
dioxide, and carbon monoxide These are ordmarily pre- 
sent in too small concentrations to affect the total radiation 
signJicantly, but, in special instances, as in the case of the 
combustion of very high sulphur content fuel gas or oil, 
and particularly with elemental sulphur burners, the sul- 
phur dioxide content may be high enough to warrant 
special consideration The radiation from sulphur dioxide 
has been calculated by S A Guemeri [30] by Schack’s 
method, using the data of Coblentz [9, 1 90S] These results 
are well enough represented by the data given for water 
vapour. Fig 9, multiplied by the factors shown in the fol- 
lowing Table IV The use of these factors appears justi- 
fiable between 500° and 2,000° F 

Table IV 

Jtadialionfrom Sulphur Dioxide 
Value of PL Factor 

001 15S 

0 10 12 

10 10 

30 09 

Radiation from Luminous Flames. 

Haslam and Boyer [32, 1927] found that an acetylene 
flame when lummous radiated about 4 times as mudi heat 
as when non-luminous The radiant heat transfer from a 
flame could be calculated from equation (2Sa) if enough 
data were available If T/ and Tu, are taken as the absolute 
temperature (° F ) of flame and the surroundings which 
receive radiant energy respectively, and if e; and e«, are the 
emissivities of the flame envelope and the surroundings, 
then we may rewrite equation (2Sa) thus 


£ 

A 


rL-Ei.rL^J )co.+ 

+(£i,i’L-£<,Pi)H,o](l — (31) 


It is necessaiy to emphasize that equations (29), (30), and 
(31) tend to give higher heat transfer by radiation than may 
be expected m actual practice when there is always a layer 
of gas near the surface which is cooler than the mam body 
of gas In the expenments on which Figs 8 and 9 were 
based no surfaces were in the path of radiation, and hence 
the arcumstances just menboned did not arise A means 
for accurately allowmg for this situation is unknown, but 
Hottel has suggested that the value of L may be taken as 
90% of Its geometrical value 
Finally, it must be stated that while equations (29), (30), 
and (31) and Figs 8 and 9 should be mathemati^y 
apphcable to the problem of calculatmg the heat transfer 
on heating a gas by a surface, as is the case of gas inside 
a conduit, actually the absorption data obtained was of 
a much lower order of accuracy than the emission data 
Consequently, when the terms expressing the absorption 
energy of the gases are of controllmg importance m 


where A is the area of the flame envelope The emissivities 
enter as a product for the same reason which apphed to 
a small radiating solid surface enclosed within a large one 
Both Tf and e/ alter as a flame changes from the non- 
lummous condition, and the fundamental problem in esti- 
matmg heat transmission is to evaluate both of these 
factors sunultaneously, which is very difficult Probably 
the most nearly practical method of measuring these two 
factors under furnace condiuons is that proposed by Hottel 
[38, 1932], using a special opbcal pyrometer fitted with two 
colour screens, and he gives workmg graphs for deter- 
minmg the value of ey 

Radiation from powdered coal flames has been mvesti- 
gated by Wohlenburg [97, 1926] and his collaborators and 
also by Haslam and Hottel [33, 1928] The latter have 
worked out an expression for e/ of the form 1 — e~*, where 
X IS a function of the flame thickness and temperature, the 
coal quahty, particle diameter, &c The numencal results 
are given [8, 1934] for three types of coal mvesUgated. 

In the present state of knowledge the chief application 
of lununous flame calculations is m estimating the effect 
of mmor changes in shape and arrangement of existing 
furnaces 
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Heat Transfer by Convection 
It IS wual to distinguish two types of convection, namely, 
‘natural’ and ‘forced’ convection Natural convection 
occurs when parts of a fluid mass are set m motion by local 
differences in density, due to localized temperature differ- 
ences Forced convection occurs when the motion of the 
fluid is due to outside agencies havmg no direct relation 
to the existence of temperature differences 
The subject is very complicated due to the fact that it 
involves both the characteristics of fluid flow under con- 
ditions difficult to analyse, due, for instance, to viscosity 
changes, and also the mechamsm of heat conduction to the 
moving fluid under different degrees of turbulence 
Neither the highly mathematical nor the purely empirical 
method of approach to this problem has been very success- 
ful The middle course in which the phenomena are ex- 
pressed in terms of dimensionless groups which have some 


9t—8t = conduebon through the more or less stagnant 
film in contact with the sohd partition Most 
of the heat transfer through the film is due to 
conduction, but as the thickness of this film is 
not well defined, convection must also be con- 
sidered to play a part 

— conduction through the solid scale of oxide or 
other deposit which usually coats the walls of 
any commercial equipment 

= conduction through the metal of the solid parti- 
tion 

0i~6t — conduction through scale on cooler fluid side 

= conduction through cooler fluid film in stream- 
line flow 

- convection and conduction into the main body 
of the cooler fluid 

These various temperature steps represent senes resis- 
tances to heat flow, and, as drscussed under Conduction, 
we can apply equation (6), thus 

g(Ri H R, h R«+ R. t- R,+ R,) = £ (33) 

I 

where the subscripts for each local resistance correspond 
to that of the higher of the two temperatures which together 
form each of the temperature gradients 
In the case of series resistances in pure conduction 
phenomena, each resistance was equivalent to a (length of 
path) divided by (area of path) x (conductivity) However, 
in those cases where convection strongly influences the 
heat transfer, there is no particular length to the path 
of heat flow, and it is therefore better to use a coefflcient of 
heat transfer h in place of the conductivity divided by the 
length of path, since these have the same dimensions We 
may then write 



1 I 1_ , L,_ , 4 ^6 , 1 4._L 

At A I A, k. A, '^ktAr k\ A, A, A, A, A., 

(34) 

In many cases the areas of the various sections may be 
regarded as equal to A, say, when this equation may be 
written in terms of an overall heat-transfer coefficient U, 
9 = UA{e^-B^ (35) 


fundamental basis has proved the most fruitful, even though 
empincal constants and correction terms may have to be 
added 

In most practical problems of heat transfer the heat has 
to be transmitted from one fluid to another through a solid 
partition, and it is very important to have a clear concep- 
tion of the several distmet steps m this process The heat 
may be transferred from a gas to a gas or from hquid to 
liquid, or between gas and liquid or mutuies of both, but 
the general character of each case is the same 
Fig 10 IS a diagrammaUc representation of the tempera- 
ture gradients during steady heat transfer from one fluid 
to another through a solid partition The total temperature 
difference — fl, is made up of separate steps which may 
be indicated as follows 

$ 1 — 0 ^ = combmed convection and conduction in the 
mam body of the hotter fluid, presumed to be m 
turbulent motion The eddies cany hot fluid from 
the centre up to the fluid film at the partiuon 


Mean Temperature Difference. 

The remarks in the previous section refer, of course, to 
one element only of the whole heat-transfer surface, and 
the total heat transfer will be due to the sum of all such 
elements 

The overall temperature difference (0^ — 00 will, m general, 
vary from element to element, and so will the overall heat- 
transfer coefficient U, but the problem is greatly simplified 
if the overall heat-transfer ccdiicient U can regarded 
as constant for all elements, and this is often a fair approxi- 
mation to the truth 

In such cases it is necessary to determme the true or 
effective mean temperature difference for all the elements 
of the surface to use in place of (Bi — 0g) in equation (35), 
and wntmg the total area for A we have the equation for 
the total rate of heat flow q 

All continuous heat-transfer operations are charactenzed 
by constant temperature differences with respect to tune, 
and variable differences with respect to surface extension 
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in the exchanger Four of the most usual are mdicated by 
Fig \\ a, b, c, and d 

In all of these cases it can be shown that, if U is constant, 
and if the specific heats of the fluids (or fluid) does not 
alter greatly over the temperature range in question, then 
the proper temperature difference to use m equation (35) is 
that known as the 'Logarithmic Mean Temperature Differ- 
ence’, given by the expression 


ence, namely, when there is not enough mixing over the 
cross-sections to produce a reasonably uniform tempera- 
ture The case of coolmg a gas contammg condensible 
vapour IS discussed by Lewis [57, 1927] But such cases 
are obviously very difficult to deal with m any case This 
applies also, of course, to exchangers in which the path of 
one of the fluids is not adequately guided and may be 
very mdefinite 



In batch operations the temperature difierence between 
the two fluids changes with time An illustration is fur- 
nished by a tank of liquid which is bemg heated from one 
temperature to another by means of a steam coil If the 
entire length of the inner wall of the coil is exposed to 
condensing steam at all times, a constant temperature is 
maintamed m the heatmg fluid throughout the operauon 
In this case, the log mean temperature difference given by 
equation (32) applies directly, where, however, 9' is the 
temperature difference at the start of the operation and 9“ 
18 the temperature difierence at the end of the operation 

In the case of batch heaUng, if the tank contents are 
heated by the sensible heat of a fluid passmg through the 
pipe coil, the temperature difference changes with the posi- 
tion in the coil as well as with time 

In such cases the system must be subdivided and each 
section, for which these condiUons may be considered con- 
stant, worked out separately and combmed by tnal and 
error Alternatively, a graphical method of calculauon may 
be used [35, 1935, 24, 1928] 

Heat exchangers of the multiple path type do not con- 
form with any of the conditions indicated in Fig 11, and 
therefore the log mean temperature difierence does not 
apply Nagle [64, 1933] has denved correcUon factors for 
exchangers havmg a single pass and two passes of fluid 
on the outside of the tubes, and two, four, and six passes 
within the tubes Bowman [5, 1936] has extended th^ 
results to include any number of shell passes, and several 
of these results are given m the form of curves to save 
calculation Nusselt [70, 1930] has derived similar factors 
for the exchange of heat between fluids flowing at right 
angles to eadi other Another condition often prevents the 
accurate application of the log. mean temperature difier- 


Overall Heat-transfer Coefficient. 

As indicated above, the overall heat-transfer coefficient 
IS determined by a number of separate resistances, and 
while the overall coefficient is the figure finally required it 
is essenual to treat the various resistances separately if 
proper regard is to be paid to the basic principles 
Tbe seven separate resistances of equation (33) can be 
grouped in the following way R„ R«, Rt represent pure 
conduction through the solid partition and may be dis- 
cussed together Ri and R, together determine the coeffi- 
cient of heat transfer from the solid surface through the 
stagnant film and into the body of the fluid itself It is 
usually impossible and indeed unnecessary to determine 
these two resistances separately They are only capable of 
being separated theoretically as in Taylor’s [93] method 
of approach to the problem In a similar way R* and Rj 
together determine the coefficient on the cooled side of the 
partition 

In the following treatment the factors govenung the 
coefficient of heat transfer on each side of the partition 
will be treated as single coefficients in the same way as the 
conduction through the composite solid partition 
These three mdividual coefficients vary widely m prac- 
tice, but a general indication of the overall coefficients in 
commercial equipment may be given in the following table 
to show the order of magnitude to be expected More 
extensive tables of overall coefficients to cover practical 
cases will be found in the various books of reference such 
as [2, 1926] and [60, 1932] 

Table V 

Overall Heat-transfer Coefficient 

BThU per 
sq ft hr ° F 


Gas to gas 5 

Gas to water 10 

Kerosine to water 60 

Water to water 200 

Condensing (gasoline) vapour to water 60 

Condensing steam to water 500 

Condensing steam to oil 60 

Condensing steam to boiling oil 100 


Conduction through Partition. 

The partition usually takes the form of the walls of metal 
tubes, and the conductivity of the metal wall itself is usually 
high enough for its exact value to have little eSect on the 
overall coefficient The resistance of the metal itself can 
easily be calculated, but that of the scale and any other 
solid deposits on the surfaces is very much more uncertam 
This IS, unfortunately, often quite an unportant factor in 
the overall coefficient 

The metal of the tube wall by its resistance to corrosion 
may greatly reduce the quantity of solid scale The con- 
ductance of boiler scales has bMn measured by numerous 
workera, among whom are Kamp [44, 1931] and Zanute 
[99, 1931], The conditions m petroleum refineiy equipment 
are so vaned that generalized data IS of httle value. Cording 
water containing much dissolved mmeral matter or sus- 
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paded silt may cause a reduction of the overall coefficient 
of S0% m the first 24 to 48 hours of service, but thereafter the 
decrease would usually be slowed up The deposit of solids 
IS often greatly reduced if the temperature is kept below 
a definite value When solid deposits cannot be avoided 
m this way it is often more economical to mstall much larger 
heat-transfer surfaces than to treat the cooling water 

Trouble due to deposits of tarry matter, wax, &c , on 
the oil side can often be avoided by careful operation or the 
use of generous heat-transfer surfaces, but in all cases 
the fouling of the surfaces and the need for cleamng should 
be considered when designing the equipment 

Heat Transfer by Convection — Inside Pipes. 

Much of the experimental information on heat transfer 
by convection has been collected from studies of heating 
of fluids flowing inside pipes It has long been recognized, 
ever smee Reynolds first pointed it out [78, 1874], that 
there was a very close analogy between the transfer of heat 
from the body of a fluid in turbulent motion to the walls 
of a pipe, and the transfer of material in the form of eddies 
from the centre to the walls This transfer of material 
clearly involves a transfer of momentum since the fluid 
near the walls is moving at a lower velocity than at the 
centre, and this accounts for the pressure-drop due to flow 
in the pipe and its close connexion with the heat-transfer 
coefficient This connexion is referred to again later, but 
for the present it is important to note the fact that the 
higher the degree of turbulence, that is, the higher the 
Reynolds number, the more rapidly is the heat earned up 
to the walls and therefore the higher is the heat-transfer 
coefficient 

There is, however, another factor to be considered, 
namely, the more or less stagnant film of fluid close to the 
wall of the tube There is no slip between the fluid and 
the solid wall, so that the velocity of the fluid immediately 
in contact with the wall is zero For a short distance from 
the wall the successive layers of fluid move along parallel 
with the wall in laminar or stream-line flow, dragged along 
by the moving body of fluid at the centre This constitutes 
the stagnant layer through which the heat has to be trans- 
mitted to the wall by conduction Clearly the resistance to 
heat flow through this film will decrease as its thickness 
decreases The higher the degree of turbulence m the main 
body the thinner does the stagnant film become, due to the 
increased violence of the eddies tearing off the top layers 
of the film For this reason also the heat-transfer coefficient 
increases with the degree of turbulence 

There is actually no sharp division between the turbulent 
core and the stream-lme film at the wall, and this probably 
accounts for the discrepancies in the application of those 
theories, such as that of G 1 Taylor [93], already referred 
to, which assume such a film It probably gives a more 
accurate piaure to speak of the radial velocity of the eddies 
becoming smaller and smaller as the wall is approached 
According to this view, the film merges into the turbulent 
core, and at no particular distance from the wall can the 
motion of the film be said to be strictly laminar, but withm 
a certam distance of the wall the heat transferred by these 
radial velocities (convection) is small compared with the 
heat transferred by conduction 

Rqynolds’s theory on the correspondence between the 
transfer of the heat and the transfer of momentum outlined 
above leads to the conclusion that if the fnctional resistance 
to flow vanes as v", then the heat-transfer coefficient should 
vary as and this was verified by Stanton [91, 1895]. 
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This has an important bearing on the effect of surface 
roughness on heat transfer In the same way that rough- 
ness increases the friction factor— particularly at high velo- 
cities — so does it increase the heat-transfer coefficient 
Reference to the fnction-foctor curves (Fig 1 m the article 
on The Laws of Fluid Flow in Pipelmes, p 798) shows that 
increasing the surface roughness has the effect of uicreasing 
the exponent of i/' towards a lunitmg value of 2 0, and 
therefore the value of (n— 1) also increases towards I 0 
TTiis shows that roughening a surface will cause the heat- 
transfer coefficient to depend to a greater extent on the 
velocity, and, conversely, that at low velocities there will 
be little change due to roughening the surface. 

When the flow in the pipe is not turbulent the conditions 
are entirely different In stream-line flow under isothermal 
conditions the flow consists of concentric shells of fluid 
moving with increasing velocity as their radius decreases, 
the outermost m contact with the wall being stationary In 
this case heat would be simply conducted through the suc- 
cessive shells to or from the wall and the conditions would 
be similar to radial conduction in a solid rod However, 
in practical cases the heat flow causes changes of viscosity 
in the fluid which produce radial velocities due to a change 
from the parabohe distribution of velocity, and also the 
heat flow causes changes of density which produce a cir- 
culation of material due to ‘natural’ convection Thus the 
velocity profile is distorted even in the case of fluids which 
are flowing upwards within a vertical pipe, an arrangement 
whidi offers the least disturbance to the velocity distribu- 
tion With horizontal pipes the distortion is still greater 
It might be expected, when the fluid flow is turbulent, that 
the non-isothermal velocity profile would not differ greatly 
from that of isothermal flow In 1916 Pannell [71, 1916-17] 
found that this was true when air flowed vertii^ly upwards 
in turbulent motion m an electrically heated pipe, but for 
water being heated in a long horizontal pipe the expen- 
ments of Woolfenden [98] showed that the temperature 
profile was not symmetrical about the axis of the tube 

Clearly the heat-transfer conditions in both turbulent 
and viscous flow are complicated, and equations developed 
from simple concepts are not hkely to correspond very 
closely to experimental findings T B Drew [19, 1931] 
made a valuable contribution in 1931 to the general study 
of heat transfer from the standpoint of the mathematical 
attacks on forced convection problems His paper sum- 
marizes all the strictly mathematical approaches to these 
problems which have been made, and clearly sets forth 
the assumptions which have made solutions possible m 
certain cases 

Turbulent Flow in Pipes. Most experimenters in the field 
of convection have found it possible to express their find- 
ings m terms of one or the other of several relationships 
based on dimensional analysis This usually takes the form 
of one or more dimensionless groups raised to some power 
chosen so as best to fit the expenmental data In this way 
the exponents may have any value without affecung the 
dimensional correctness of the equation Furthermore, the 
equation will apply equally well to any set of units provided 
they are self-consistent The equaUon of this type which 
has perhaps had the greatest application is that developed 
for turbulent flow by Nusselt [66, 1909/10], consisting only 
of non-dimensional groups As at first proposed it did not 
uiclude the ratio of the diameter to the length, but later 
this was added, to give the equation 



( 37 ) 
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In this equation » the viscosity at the mean tempera- 
ture of the fluid The first non-dimensional group on the 
nght of this equation is, of course, the Reynolds number, 
and the second is called the Prandtl numter As it hap- 
pens, the Prandtl number has a very nearly constant value, 
approximately 0 76, for any particular gas and does not 
vaiy greatly from one gas to another This allows a con- 
siderable simplification to be made in many equations 
dealmg with heat transfer m gases 

The concept of weight velocity, G, is helpful in studies 
on gases because both v and p are functions of temperature 
and pressure Since G ^ vp, equation (37) may be wntten 

The dimensionless group (hD/k) is sometimes called the 
Nusselt number 

Equation (37) (38) is dunensionally sound, and, m the 
course of years since it was first proposed, the experimental 
findings of many mvestigators taken together show that all 
of the factors involved probably do play some part in 
mfluencing h At least one factor is not included which 
almost certainly has an effect on heat transfer, namely, a 
function for the roughness of the conduit surface Since 
practically all of the experimental work on convection heat 
transfer has been done with smooth pipes, no basis for 
evaluatmg the roughness factor is at hand 

There is some question, however, whether the dimen- 
sionless ratio (D/L) should be included in the equation 
Nusselt [67, 1917] assigned a value of 0 0S4 to the exponent 
b Groter [29, 1921] used 0 05, but numerous workers 
since then have assumed a zero value This reflects the lack 
of experimentation over a wide range of this quotient rather 
than defimte findings that this ratio has no effect 

Dittus and Boelter [16, 1930] proposed two equations of 
the Nusselt type as the best representation of the data 
of numerous mvestigators of the heat transfer to gases and 
liquids The two equations, expressed in terms of weight 
velocity, are 
for heaUng 



(39) 


(40) 


The basis for the selection of different exponents for the 
Prandtl number during heating and cooling were the find- 
ings of Moms and Whitman [63, 1928] with oils This was 
almost the only data then available on liquids other than 
water where the Prandtl number exceeded 10. Sherwood 
and Petne [87, 1932] found that their experunents on heat- 
ing water, kerosine, acetone, benzene, and n-butyl alcohol 
could be very well correlated by equation (39) 

Viscous Flow In Pipes. One of the first attempts to 
express the heat transfer to fluids m viscous flow m pipes 
was that of Graetz [25, 1885], who, assuming that the 
distnbution of velocity is parabolic, denved an equation 
in terms of a complex function of the dimensionless group. 



which IS known as the Graetz number, in which W = mass 
rate of flow m mass per uiut Ume 
Drew [19, 1931] has tabulated this function of the Graetz 
tiumber, but Drew, Hogan, and McAdams [18, 1931] and 


Kirkbnde and McCabe [49, 1931] have pomted out that 
the heat transfer m heatmg petroleum is higher than corre- 
sponds to Graetz’stheoiy, and McAdams[60, 1932]has pro- 
visionally recommended the empirical equations given below 
for heating in pipes m stream-line flow [(DG/i;,) < 2,100] 




(41) 

(42) 


where ban is the heat-transfer coefficient based on the 
arithmetic mean between pipe and inlet fluid temperature 
difference and pipe and outlet fluid temperature difference 
Kirkbnde and McCabe [49, 1931] give the following 
empirical equation in terms of the dimensionless group 
kJitVcpD) known as the Peclet number 


X 

Where 

Other workers [69, 1929, 12, 1922 , 79, 1929, 52, 1927] 
have correlated their data in terms of the dimensionless 
group 


known as the Grashof number, with some success This 
group contains the coefficient of thermal expansion of the 
fluid which IS the cause of natural convection inside the 
pipe, and this point will be referred to again later Enough 
will have been said to show that use has been made of most 
of the more likely dimensionless groups in correlatmg the 
data on heat transfer by convection 


Convection in Fluids — Outside Pipes. 

This section covers convection for single pipes and also 
for pipes arranged in regular banks as in tube banks of the 
convection section of combustion furnaces and m com- 
mercial tubular heat exchangers The fluid may flow either 
parallel or at right angles to the pipe, but the latter arrange- 
ment IS the more usual 

Natural convection can in most cases be ignored, as in 
practical conditions this has small effect compared with 
the heat transfer due to forced convection An exception 
must be made in the case of single pipes represent^ by 
steam pipes or the external surfaces of refineiy equipment 
where the heat loss from the surface is important 

Natural Convection. The heat loss from surfaces by 
natural convection depends on the changes in density of 
the fluid due to change of temperature causing convection 
currents to flow past the heated surface This has been the 
subject of much investigation, starting with the experi- 
mental work of Dulong and Petit [20, 1817] and the 
theoretical work of Lorenz [58, 1 88 1 ] The experunents of 
Dulong and Petit and those of many of the more recent 
workers closely confirm the theoretical deduction of Lorenz 
that the heat loss from relatively large surfaces m still air 
IS proportional to 0*, where 0 is the temperature difference 
between the surface and the ambient air 

As would be expected, the heat loss is also very nearly 
proportional to the surface area, but there is a certam 
amount of uncertamty on this point It can be shown from 
the prmciple of similanty that if the heat loss is propor- 
tional to then the heat loss per umt area instead of bemg 
constant should be proportional to H, where / represents 
the height of the body, u^ereas if the heat loss is isdepen- 
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dent of / It should then be proportional to ff* This last 
condition was found to occur with very large bodi« by 
OnfBths and others at the National Physical Laboratoiy 
[28, 1921], who measured the heat loss from vertical sur- 
faces of different heights and from different sections of a 
large vertical surface The heat loss from a surface 8 ft 
high was found to be greater at the bottom, rapidly de- 
creasmg to about half-value at about 18 in from the bot- 
tom and then slowly rising to a value about 20% higher 
than the minimum at about 3 ft from the bottom The 
heat loss per unit area was found to be independent of the 
height when greater than about 3 ft , and for heights of 
about 8 ft the loss was very nearly proportional to 0* 

In the case of horizontal cylindrical surfaces, such as 
pipes and wires, the heat loss per umt area is nearly m- 
dependent of the diameter when this is greater than about 
1 ft , but for smaller diameters such as fine wires the heat 
loss per unit area increases greatly, and for a wire 0 001 in 
diameter it is over 50 times the value for a large pipe The 
work of Langmuir [54, 1913] is of assistance in explauiing 
this effect 

For practical purposes the heat loss per unit area from 
a large vertical surface by natural convection in stilt au- 
may be taken to be equal to 

^ = 0 0000466* g cal (cm )"> (sec )->, (43) 

where 6 is the temperature difference in degrees centigrade, 
or 5=036»BThU (ft)->hr-*, (43a) 

where 6 is the temperature difference in degrees Fahrenheit 

For other types of surface the constant should be multi- 
plied by the factors given in the following table, which 
shows the variation with pipe diameter mentioned above 


Table VI 

Surface 


Multiplying 

factor 


Horizontal surface facing upwards and hotter than the 


air* 1 3 

Horizontal surface facing downwards and hotter than 
the air* 0 65 

Horizontal cylinders O = 0 1 ft (>= 3 05 cm ) 15 

13 - 0 5 ft (= 15 2 cm ) 13 

/) - 1 0 ft (- 30 5 cm ) . 1 25 

Large bodies of irregular shape 1 0 


order of 1 ft per sec ), and therefore the effects of natural 
convection are only of importance in air practically free 
from draughts 

Forced Convection Heat transfer by forced convection 
on the outside of pipes when the flow is at nght angles to 
the axis has been investigated by many workers both for 
single pipes and for banks of pipes in various formations, 
spaemgs, and numbers of rows Although most of this 
work has been done with air as the fluid, there are so many 
variables that only a few can be dealt with here 

There have been several investigations of the type of 
flow at right angles to cylindncal surfaces which show the 
formaUon of eddies behind the cylinder Drew and Ryan 
[17, 1931] investigated the variation of heat transfer round 
the circumference of a pipe and found that there was a 
mtmmum value at the sides approximately at 90° from the 
direction of air flow, the heat transfer at this point being 
only about one-third that at the front or back These 
experiments were carried out at a Reynolds number of 
about 40,000, and the heat transferred from the leading half 
was about equal to that from the trailing half There is 
reason to believe that high Reynolds numbers increase the 
relative heat transfer from the trailing half and vice versa 
King [47, 1914] very thoroughly investigated the heat loss 
m air from wires of different diameters, and experimentally 
venfled his theoretical formula which showed that the heat 
loss was proportional to {V(oD)+ constant} Hughes [40, 
1916] obtained results on pipes with a wide range of dia- 
meters and air velocities Davis [13, 1920] correlated these 
and other data on pipes and found them to agree very 
closely with the extrapolation of King’s formula How- 
ever, when other fluids have to be considered it is better 
to express the results in terms of the Reynolds number 
A Nusselt type of equation similar to (38) can be used, but 
not enough data is available to determine the coefficient of 
the ratio DjL This type of equation has been used by 
many investigators, but frequently the Prandtl number 
(■qCpjk) IS also omitted because nearly all the data refers 
to air and this number is practically constant for all gases 

McAdams [59, 1932] has plotted the data of numerous 
investigators in terms of {hDjk^ and the Reynolds number, 
finding that a good approximation formula is 

“ 0 45 +0 33(^’“. (44) 


The heat loss in air is also found to be proportiooiil to 
/!*■*•, where p is the absolute pressure This and the other 
relationships given above will apply equally to other gases 
with a suitable change of constant 

Although the rate of heat loss is not proportional to the 
temperature difference, it is often useful to express the heat 
loss by natural convection in terms of a heat-transfer coeffi- 
cient h for particular values of the temperature difference 
so as to bnng it into line with other coefficients which do 
not vary with the temperature difference Accordmg to 
equation (43a), it will be seen that h is proportional to 6* 
For example, when 

6«=1°F, A = 030BThU (ft)-*hr-n“F)-‘, 
6=10°F, A = 0535 „ 

6==200°F, A =112 „ 

The last case corresponds to a bare steam pipe, and, as 
will be seen later, a coefficient of this magmtude is obtained 
with very low an: veloaties m forced convection (of the 


where k„ and r)„ arc the thermal conductivity and viscosity 
of the gas at the pipe-wall temperature, which is assumed 
to be that of the fluid film This equation closely represents 
Hughes’s data and also those of Reitschel and Reiher 
[77, 1926] for a single smooth pipe 
Heat transfer to or from banks of pipes has been 
thoroughly investigated in the case of air, notably by 
Reitschel and Reiher for a great variety of pipe arrange- 
ments, and by Griffiths and Awberry [27, 1933], who also 
measured the heat loss when the flow is parallel to the pipes 
and also when the air is cooled below its dew-pomt and 
below the freezing-point of water 
It might be expected that the heat transfer in banks of 
pipes would deviate largely from that for single pipes, and 
that eddies m the flow m succeeding rows would cause very 
large differences from the first row, but it is found that the 
coefficients are not so very different for all these cases 
The heat loss from the first row of pipes in a bank is 
smaller than from succeeding rows owing to the turbulence 
m the au- set up in passing the first row This increase is 
about 20% in the case of square packmg where pipes m 
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suooeedug rows come immediately behmd those m the 
front row With staggered packmg this mcrease is about 
20% for the second row and about 65% for the third and 
suoceedmg rows 

The heat loss from the first row is approximately the 
same as for a single pipe as given by equation (43) Owmg 
to the greater turbulence m the air at succeeding rows of 
a tube bank the exponent of the Reynolds number is higher 


diverted attention for a number of years from the pos- 
sibility that the use of the dunensionless group (hjcG) used 
by Stanton [90, 1914] might be even more advantageous. 
In an unusually comprehensive paper Colburn [10, 1933] 
showed that it is possible to obtain excellent correlauons 
of almost all of the existmg data on heat transfer of fluids 
mside of pipes, outside of pipes, and across flat plates, pro- 
viding the Stanton number (A/cCr) is multiphed by the 



than in equation (43) and is given as 0 69 by Reiher for 
staggered packing, which agrees closely with Gnfiiths and 
Awbeny’s equauons 

Reference must be made to the ongmal papers for the 
exact equations covering the details of heat transfer in tube 
banks, but it may be menUoned that Reitschel and Reiher’s 
equations are quoted m detail by Schack [80, 1933], and 
Griffiths and Awbeny’s work by Spiers [89, 1935] 

The equations given for air will apply equally well to 
other gases, but they cannot be assumed to apply to liquids 
for which ffie Prandtl number may be very difierent Un- 
fortunately there is very httle data available for this case 
It IS usually assumed that the exponent of the Prandtl 
number in the Nusselt type of equation (37) is approxi- 
mately 0 36 as used m the equauons (39) and (40) for heat 
transfer from fluids mside pipes, however, Colburn (see 
below) uses a value of 0 67 for this exponent, so that it is 
clearly a matter of some doubt 

The equations for forced convection tnside pipes are also 
usually applied directly to the case of flow parallel to the 
axis m a tube bank In this case the dimension D is inter- 
preted as the diameter of a cu-cular pipe havmg the same 
hydrauhc mean radius as the space between the tubes 

naU Friction and Heat Transfer. 

Nusselt’s [66, 1909-10] successful correlaUonof the dimen- 
sionless group (AD/k) with the Reynolds number apparently 


i power of the Prandtl number and referred to the 
R^olds number Colburn defines a heat-transfer factor, 
j, as follows 

^ ^A\kl' 


(45) 


where = fluid temperature at inlet and outlet re- 
spectively, 

A9m — mean temperature difierence between fluid 
and wall, 

S, A = cross secUonal area and surface area of 
pipe respectively 

He also writes the friction factor for fluid flow in a common 
form (see article on Law of Fluid Flow m Pipehnes) 

2~pv* pv*A 


Curves showmg j and //2 plotted against the Reynolds 
number are given for flui^ flowmg inside pipes on Fig 12; 
for fluids flowmg across tubes on Fig 13 , for vanous values 
of dsjdp, the rauo of the clearance to the tube diameter; 
and for fluids flowmg along plane surfaces on Fig 14 All 
of these figures are leprodu^ directly from the ongmal 
paper. 

Fig 12 refers to flow and heat-transfer characteristics 
of fluids bemg heated or cooled inside pipes. The heat- 
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transfer factor or ‘y lines* are solid over the entire chart; 
the friction factor \mc fjl is dotted m the region of viscous 
flow and in the cnucal region It will be noted that both 
fjl andy can be represented by the same Ime in the region 
of definite turbulent flow, i e for all cases above 
Re 30,000 

The fnction factor in the viscous flow region follows 
PoiseuiUe’s law, which can be written 
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The film temperature is calculated by means of the 
formulae used by Keevil and McAdams [45, 1929] m cor- 
relating data on fluid fnction, namely 
For viscous flow 


= 0a+i(e«-0a) 

(47) 

For turbulent flow 



(48) 


where flo -- average temperature of fluid, 
Ov, = temperature of wall 



However, the heat transfer y has not a unique value in this 
region and is a function of the quantity also, where 

L IS the heated or cooled length of the tube of inside 
diameter D, and ^ is a function of the Crashof number, 

^ +0 015 Gr »], (46) 

where Gr stands for Grashof number 
The Grashof number mcludes the coefficient of thermal 
expansion /S which is an essential factor in the production 
of natural convection currents However, this number does 
not differ greatly between heating and coolmg conditions 
The factor (rjjrjf) is mtroduced to allow for the change m 
the velocity distribution over the cross-section due to 
changes m viscosity consequent on the heat flow The 
suffix a refers to the average temperature of the fluid, while 
the suffix / refers to the ‘film temperature’ as defined 
below 

It is to be noted that Colburn makes use of the viscosity 
at the ‘film temperature’ m calculatmg the Reynolds num- 
ber also, and the abscissae on Figs 12, 13, and 14 are 
therefore given m terms of (DG/ijf) 
m Mm 


Colburn concludes that 
For heating 

viscous flow IS maintained up to Re^f — 2,300— 

Vii 

For cooling 

VISCOUS flow IS maintained up to Rej = 2,300 22 
V/ 

Smcc for heating > i while for cooling < i the 
Vvf Vf 

viscous flow-line will extend to values of Rej larger than 
2,300 for heating, and less than 2,3(X) for coohng Con- 
sequently the increase m the friction factor in the transition, 
or critical region, will be greater and more abrupt for 
heatmg than for cooling conditions 
The dotted friction-factor Ime of Fig 12 is carried 
ffirough the transition or cntical region by three branches, 
for viscosity ratios ijo/ij/ of 0 5, 1-0, and 20 While the 
agreement between data and predicUon from these curves 
IS m some cases far less satisfactory than could be desired. 
It IS doubtful if any better correlabons over extended ranges 
of the variables luve been proposed 
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will transfer 80% more heat than a circular section when 


Procedure for the use of Fig 12 is as follows 

1 Calculate mean fluid temperature, 6a 

2 Calculate average film temperatures, Bf and 6^, from 
equations (47) and (48) 

3 Determine 7)^ and rjf for these temperatures and cal- 
culate the correspondmg Rca and Ret Also determme the 
ratio TiJijf 

(a) If Rea > 2,300, the flow is turbulent and A^a, equa- 
tion (45) should be calculated as a log mean tem- 
perature 

(b) If Rca < 2,300, the flow is viscous, and Ada should 
be calculate as an arithmetic mean 


factor/ will read from Fig 12 either on the mam turbulent 
line or on an mterpolated liJiit Ime m the transition region 

In case 3 (h), to determme the friction factor >72 the film 
temperature O^t should be used m determmmg Revf In 
order to determme the heat-transfer factor j, it will be 
necessary to calculate the value Equation (46) 

serves to calculate ^ In estimating L, it should be noted 
that this IS the heat^ or cooled length before the character 
of flow IS disturbed and abnormal mixmg occurs This 
mtroduccs an element of uncertainty where a number of 
tube lengths are m senes and connected by stream-lme 
fittings With connexions which ofler obvious disturbance 
to flow, a single tube length should be employed for L 
With the value of (g)/^ m hand, the appropnatey factor 

can be read from the chart by mterpolation 

It should be noted that for a constant surface tempera- 
ture, m which case it is known that the exit flmd is prac- 
tically at the pipe-wall temperature, the maximum values 
obtamble for the heat-transfer factor are those given by 
(L/DX-qclk)* Horizontal Imes for certam values of this 
factor are given on Fig 12 

Heat transfer and friction for flow across tubes are cor- 
related in a similar manner m Fig 13, for further details 
of which the onginal paper should be referred to, but it 
should be noted that all the work previously mentioned 
refers to circular pipes 

In an interesti^ paper summarmng many data on the 
relationship of fluid friction to heat transfer. White [95, 
1932] shows that an aerofoil section (Model R.A.F. 26) 


the heating surface and energy expenditure are the same 
It seems not improbable that future advances m design of 
heat-exchange equipment may include much more atten- 
tion to the ratio of pressure drop and heat transfer than 
has been paid m the past 

Smith [88, 1931] reported on friction factors and heat 
transfer obtained with a single oil of viscosity 2 62 centi- 
poises at 210° C using an unusually complete equipment 
The heat-transfer data obtained on heating and coolmg 
were correlated with Colburn's method m a moderately 
satisfactory fashion Friction factors were abo calculated 
according to Colburn’s recommenda- 
tions, and excellent agreement was 
obtained m the region of turbulent 
flow, but in the viscous-flow region 
both heating and cooling friction 
factors were consistently about 25% 
higher than predicted values 
Sieder and Tate [86, 1936] have 
criticized the use of the ‘film tempera- 
ture ' as used by Colburn on the grounds 
that the formula for the film tempera- 
ture IS different for viscous and turbu- 
lent flow and because the Reynolds 
number has in any case first to be 
calculated for the mean fluid tempera- 
ture in order to determine which type 
of flow exists Furthermore, the cal- 
culation of the tube-wall temperature 
by successive approximations involves 
successive recalculations of the abscis- 
sae (Reynolds number) as well as the 
ordinates 

They have found that a satisfactory correlation of heatmg 
and coolmg data for flow inside pipes can equally well be 
obtained, using the viscosity at the mean fluid temperature 
for calculatmg the Reynolds number, and the viscosity at 
the wall temperature in a much simpler expression than 
equation (46) to allow for the difference between heating 
and cooling with oils, namely 

^=186(1^)'’'* (49) 

The smaller exponent to the ratio of viscosities is smaller 
than that given by Colburn chiefly because (ij„— i?o) « 
larger than 

Other difierences from Colburn’s method mclude the use 
of the Nusselt group (.hDIk) instead of the Stanton number 
WcG), an exponent of i instead of f for the Prandtl 
numbn, and the mtroduction of the ratio (L/D)^ The 
equation for viscous flow is then 

For turbulent flow and the critical region the hfeat-transfer 
data are correlated by plotting 



for various values of (L/D) against the Reynolds number 
iDGlrj^ as shown on Fig 15, from which it appears that 
viscous flow persists up to Re = 2,100 Die cmrelation of 
friction data is made by plotting (/x^) against Re, as 
shown on Fig 16, where (/x^) is equal to 

Friction factor x 1 1 



In case 3 (a) the heat-transfer factor j and the friction 
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(^) IS less than 2,100. 

Friction factor x 1 02^^) 

when (f) IS greater than 2,100 

In cases where the Grashof number is greater than 
25,000, as, for instance, with water, it is suggested that 
better correlation would be obtained by using an expres- 



sion more nearly hkc that of Colburn instead of equation 
(49), namely, 

<l> -- 1 5(^''“(l-t-0 015Gri), 

but here the Grashof number is to be calculated, using the 
viscosity at the mean fluid temperature instead of at the 
film temperature 

Heat Transfer from Vapours Condensing at a Partition 
WaU 

With few excepuons the experimental studies have been 
carried out on the condensation of pure saturated vapours. 




01 


steam, of course, having received the most attention Nus- 
selt [67, 1913, 1917, 68, 1916] derived theoretical equaUons 
which furnish guides to the effects of the various physical 
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Fig 16 (Sieder and Tate, Ind Eng Chem 2S (1936) ) 


properties of the vapour and liquid, the velocity of the 
vapour, and the shape and position of the condensing 
surface 

< Nusselt dealt with five different cases, always assuming 
that there is a thin film of liquid on the condensing surface, 
that the temperature gradient through the film is a straight 
line, and that the film moves m viscous flow The cases 
which received attention were 

(1) Pure saturated vapour without appreciable velocity 
condensing on a plane surface at an angle with the 
horizontal 

(2) Conditions as above, except that vapour has appre- 
ciable velocity 

(3) Vapour condensing at horizontal tube, conditions 
otherwise as under case (1) 

(4) Superheated vapour condensing on any surface. 

(5) Impure vapour condensmg on any surface 


Nusselt’s equations for case (3) only will be given, 
namely, for the condensation of a pure saturated vapour 
on a single horizontal tube In this case, due to the divided 
flow of condensate round the outer surface of the tube, the 
value of the heat-transfer coefficient shown by an ele- 
mentary area of the tube varies, dependmg on its position 
as defined by the angle w which is made by a radial Ime 
through the element and the horizontal The equaUon for 
the local coefficient is as follows 


where w is the mass condensed per unit time per umt peri- 
meter The average coefficient for the entire perimeter is 

e^)‘. 

where A is the latent heat of condensation 
These equations are dimensionally correct and apply 
therefore to any set of self-consistent units Equation (51) 
indicates that the upper half of a single condenser tube 
accounts for about 60% of the total condensate If a num- 
ber of tubes are placed one above the other, the drip on 
to the top surface of the lower tubes decreases the coefifi- 
cient until, with much flooding, upper and lower halves of 
the tubes transfer approximately the same total quanuty 
of heat 

For the case for a bank of horizontal tubes Merkel 
[61, 1927] proposes to mclude m equation (52) in the 
denominator under the exponent i the number of tubes m 
a vertical row, thus allowmg for the reduced coefficient 
m the lower rows due to flooding 
Nusselt derived an equaUon similar to (52) for vertical 
and mclined condenser tubes but with the right-hand side 
multiplied by , where ifi is the angle of the axis 


to the horizontal However, it has been found that for 
a vertical surface this equation gives coefficients far too low 

Kirkbnde [48, 1929] has studied the condensation of 
pure hydrocarbons and mixtures on horizontal tubes, and 
he recommends the use of Merkel’s modification to equa- 
tion (52) mcludmg m the term A, the sensible heat of the 
vapour cooled through the range A0 as well as the latent 
heat He also discusses the effect of two immiscible hquids 
condensmg simultaneously and the effect of the presence 
of permanent gas 

There appear to be no experimental results on the local 
coeflScients for the condensation of mixtures, and it is to 
be expected that these would be extremely complicated. 
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For further discussion of the Nusselt equations the 
reader is referred to text-books such as that by McAdams 
[59, 1932] or to the review of the denvaUon of Nusselt’s 
equations, and a summary of the expenmental data bearing 
on the subject by Monrad and Badger [62, 1930], who also 
investigated the effects of vapour velocity, superheat, and 
non-condensable gases 

It should, however, be mentioned that there is an entirely 
different form of condensation in which droplets form and 
grow m size without fusing with other droplets to any great 
extent Schmidt. Schurig, and Sellschopp [84, 1 930] appear 
to have pubhshed the first quantiUve study of heat transfer 
under this condition They found that the coefficient for 
this dropwise condensation might rise to as high as 7 or 8 
times the coefficient for the normal type of condensation 
under similar wall-temperature conditions A tendency to 
dropwise condensation may be expected to arise whenever 
the conditions are such that the condensate does not wet 
the solid condensing surface, but it is not at present pos- 
sible to predict Its occurrence Owing to the great vanety 
of circumstances in which condensation occurs in practice, 
most of the useful data is given in the form of coefficients 
to suit specific conditions and of limited range of applica- 
tion only 

Heat Transfer to Boiling Liquids. 

When a liquid is heated by a submerged surface it 
vaporizes at its own surface contmuously and smoothly up 
to the boiling-point, when vapour bubbles suddenly begm 
to form at the heaUng surface There they grow in size 
until they are finally detached from the surface by a com- 
bination of the forces of buoyancy and of natural (or 
forced) convection of liquid past the anchored bubble If 
a liquid, such as water, is freed of dissolved air, bubbles 
form with almost explosive violence and the liquid is said 
to boil with bumpmg Moreover, if water is carefully freed 
of air, and is suspended as a large globule m an oil of the 
same density, its temperature can be raised to 1 30-140° C 
without boihng at atmospheric pressure 

These facts can be explained in terms of the surface ten- 
sion of the hquid m contact with its vapour and the forces 
of cohesion between liquid molecules and the solid surface 
and between the liquid molecules themselves 

It is not difficult to show that the pressure withm a 
bubble exceeds the pressure on the outside by the quantity 
2y/r, where y is the surface tension between vapour and 
liquid, and r is the radius of the bubble When the bubble 
IS very small this excess pressure is very large and may 
raise the boiling-point veiy considerably For mstance, m 
the case of water, a radius of 0 001 mm corresponds with 
an excess pressure of about 2 atm and a boiling-pomt of 
about 135° C 

Water and most other liquids usually contam gases in 
solution, and the heated surface is usually somewhat rough, 
enablmg mmute bubbles of gas to cling and form the 
nucleus from which bubbles of vapour can grow The sohd 
surface may also have a comparatively small force of 
attraction for the liquid molecules or localized areas which 
behave in this way, thus enablmg bubbles to be formed 
without much excess pressure 

Jakob and Fntz [43, 1931] have studied the influence of 
mterfacial tension on bubble formation, and some of the 
essential difierences in the nature of bubble attachment to 
a sohd surface can be observed in two beakers, one of 
water and one of benzol, both adjusted over a source of 
heat so that boiling is very slow This is depicted diagram- 


matically m Fig 17 When the mterfacial tension between 
boilmg liqmd and solid is high there is a tendency for the 
bubble of vapour to be pinched off by the reluctant retreat 
of hquid from the solid surface With small tendency of 
the hot liquid to wet the surface, a condition such as 


B be 

Liquid Liquid Liquid 



Fio 17 


Fig 17 (6 or f) prevails Jakob and Fritz observed water 
boilmg over a clean copper plate, later covering it with a 
thm layer of oil to observe that the steam bubbles were 
then much larger when other conditions were approxi- 
mately the same 

If a liquid wets the surface, high coefficients are usually 
obtained with clean surfaces, but a small amount of oxide 
or other scale may decrease the coefficient very markedly 
When a bubble has been formed at a spot on the heated 
surface, that spot tends to become overheated owing to the 
relatively poor heat transfer from solid to vapour As 
the hquid flows back over this spot the conditions are 
obviously favourable for the formation of another bubble 
at the same place, and this effect is often observed 
McAdams [59, 1932] reports that when liquids are boiling 
with high transfer rates the heated surfaces sometimes show 
as much as 10° F variation from point to point as measured 
by thermocouples 

Another very important factor influencing the heat- 
transfer coefficient with boiling liquids is the velocity of 
the liquid past the heated surface due to mechanical agita- 
tion of convection due to the boiling itself 

More than 50 years ago Lord Kelvin seems to have been 
conversant with the fact that artificial stirring of a boiling 
liquid would increase the rate of evaporation, and more 
than 30 years ago Austin [1, 1903] demonstrated the 
fact by measurements with an evaporator With rapid 
agitation of water past a vertical heating plate, AusUn 
obtained a substantially constant value of h of about 1,400 
BDiU persq ft (“F)hr irrespective of the temperature 
difference between the plate and the water boilmg at atmo- 
spheric pressure Without agitation other than natural 
convection remforced by the stirring effect due to bubbles, 
a rate of some 500 B Th U per sq ft (° F ) hr was noted 
with a temperature difference of about 2°F, whereas 
double this rate was secured when a temperature diflerence 
of about 15° F prevailed These data are cited not so much 
for their mtrinsic value as for the side-light which they 
throw on a peculiar difficulty in formulating coefficients of 
heat transfer when convection, augmented by the rise of 
bubbles, is the sole cause of fluid velocity past the surface 
In this case the transfer coefficient is not only a function 
of the average temperature difference between surface and 
liquid, but IS also condiuoned by the geometneal arrange- 
ment of the confining walls and the relative depth of fluid. 
Arrangements which facilitate circulation will give better 
coefficients than others where circulabon is impeded 

The absolute depth of liquid over the heatmg surface is 
also important, especially when the hydrostatic head is a 
large fraction of the total pressure at the surface in ques- 
uon. When liquids are boiled under greatly reduced am- 
bient pressure the rate of change of total pressure with 
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depth of liquid is relatively large, rising bubbles expand 
rapidly, and entirely different stirring effects result from 
^ose which would otherwise occur 

There have been very few studies m which the same 
apparatus has been used for the evaporation of a number 
of different liquids under conditions which made it possible 
to determine the heat-transfer coefficient on the boilmg 
liquid side Among the most recent is that of Cryder and 
Oilhland [11, 1932], who found that their results could be 
represented well with the empirical equation h =- aA0* \ 
having failed to find a satisfactory dimensionless relation- 
ship Fig 18 IS taken directly from their paper 
Fig 19 has been taken directly from McAdams’ sum- 
mary of experimental work on this subject and includes 
the data of Austin [1, 1903], curve 1, and Jakob and Fntz 
[43, 1931], curve 5, and Linden and Montillon [56, 1930], 
curve 6, together with the results of certain thesis investiga- 
tions not published in journals (curves 2, 3, 4) 

As will be apparent from Figs 18 and 19, these heat- 
transfer coefficients are often so high that the corresponding 
resistance is not the controlling factor in the overall heat- 
transfer coefficient, more particularly in the case of water 



F Fig 18 Heat transmission coefficients for various boiling liquids 
(Cryder and Gillitand, /»«/ Eng Chem 24(1932)) 


and the more volatile liquids boiling at clean surfaces 
With petroleum liquids of high boiling-pomt the coefficient 
IS not very high and may lead to the formation of tars or 
‘coke’, which may reduce the heat-transfer coefficient so 
that It constitutes the major resistance An aggravated 
example of this is in the horizontal shell type of coking 
stills Another factor which differentiates the evaporaUon 
of petroleum liquids from that of many others is the forma- 
tion of metal sulphide corrosion scales which usually offer 
very large resistance to heat flow 



Fig 19 Summary of individual coefficients of heat transfer from 
metal to boiling water (McAdams, Heat Trammtmon (McGraw- 
Hill Book Co ) ) 


As m the case of surface condensation, most of the useful 
data refers to specific conditions, and the coefficient can 
only be applied in similar circumstances 


LIST OF SYMBOLS 


Symbol 

A area, surface area 

a diffusivity ^ 

C conductance 
c specific heat 

c, specific heat at constant 
pressure 

(, specific heat at constant 
volume 
D diameter 

E radiant heal flow per 
unit area 
e emissivity 
J radiation factors 
f fncUon factor ^ 

C mass velocitf 
g accelerauon due to 

h film heat transfer 
coefficient 

j heat transfer factor 
k thermal conductivity 

L length 

P partial pressure (atm ) 

Q quanuty of heat 
q rate of heat flow 


Units 

ft lb hr " F cgs ‘ C 
ft • cm • 


ft • per hr 
B Th U per hr 
°F 

BThU per lb 


cm 

g-cal per sec 
cm • 


lb per hr ft * 
ft per hr* 

B Th U per hr 
ft*»F 

B Th U per hr 
ft °F 
ft 

BThU 

B Th U per hr 


, g -cal per sec 
' em'-C 

I g -cal per sec 


I g-cal 
g -cal per sec 
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Symbol \ 

Vnits 

ft lb hr "F 

cgs-C 

R thermal resistance j 

also surface friction I 

r radius | 

S shape factor | 

“F hr per 
BThU 1 

poundals per ft ‘ | 
ft 1 

ft 1 

' °C sec per 
g-cal 

dynes per cm * 
cm 

cm 


.Y\ 

!r' 


also sectional area 
absolute temperature 
also periodic time 

overall heat transfer 
coefficient 
linear velocity 
(u IS also used) 
weight flow rate 


latent heat 


I " Rankine 

I 

hr 

BTh U per 

I fti»F 

I ft per hr 


P coefficient of thermal 
expansion 

q absolute viscosity 
(/I is also used) 

$ temperature, tempera- 


Dimensionless Groups 

Reynolds number (Re) - ' 

Nusselt number - 

Prandtl number --- 

Peclet number -- I I 


Grashof number 


Stanton number 
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THE THERMAL CONDUCTIVITY OF SOLIDS 

By H. M. WEIR, B.Ch.E , Ph.D. 

Consulting Chemical Engineer, Rhemmetall-Borsig A G Berlin, Germany 


The following tables have been taken from the published 
literature, a selection of the materials given in the various 
references havmg been made to cover those more usually 
occurring in petroleum technology 


Table 1 


Thermal Conductivity of Metals and Allovs* 

k-=BThU per(hr)(sci fDCF pcrft) 

For c g s units multiply by 0 004134 (reciprocal 241 9) 


Temp , °F 
„ °C 
Aluminium 
Brass (70-30) 

Cast iron 

Cast iron, high silica 
Copper (pure) 
Ferralloy (86% Fe, 
14% Al) 

Invar (65% Fe, 35% 
Ni) 

Lead, 

Nickel 


Ni. 20% Cr) : , 

Sdver j 242 

Steel (mild) i 

Stainless steel (18! 

Cr, 8%Ni) 

Tin 

Wrought iron 
(Swedish) 

Zinc 



572 [ 752 1 932 
300 1 400 1 500 

1 1.112 

1 600 

113 1 144 1 155 
66 67 

1 

i 

212 1 210 ' 207 

j i 

! 204 

i 

18 ' ' 


25 j 23 22 

1 

1 

28 26 ! 23 j 

59 1 54 1 1 

1 


* From International Critical Tables and other sources 


Table II 


Thermal Conductivities of Some Budding and Insulating 
Materials* 


Apparent density p » lb per cu ft at room temperature 
Conductivity * = B Th U per (hr ) (sq ft ) ('F per ft ) 
For c g s units mulUply by 0 00413 (reciprocal 241 9) 


Material 


Asbestos boards 
Asbestos state 

Asbestos 



J p |_'k 


043 
0 087 
0114 
0 048 
0090 
0 090 
0135 
0087 
0-098 
0111 
0117 
0120 
0122 
0124 
0129 


Alumina (92-99% Al/), by wt), 
fused 

Alumina (82% AliO, by wt) 170 

Building bnckwork 


927 I 20 
500 , 1 29 

20 04 


Table II (cont ) 


Material 

Fire-clay brick (burnt 1,450“ C ) 
Kaolin insulating brick 
Silicon carbide brick recrystallized 
Zirconid (64% ZrO, by wt ) 


Calcium carbonate (natural) 

, white marble 
chalk 

Cardboard, corrugated 

Celluloid 

Coke, petroleum 

Coke, powdered 
Cotton wool 
Cork board 
Cork (regranulaied) 

. (ground) 

Diatomaceous earth powder 
Molded pipe covering 

4 vol calcined earth and 1 vol 
cement poured and fired 
Felt wool 

Fibre insulating board 
Glass 

„ boro-silicate type 
„ window glass 
, soda glass 
Gypsum (moulded and dry) 

Hair lelt (perpendicular to fibres) 

Kapok 

Leather, sole 

Limestone (15 3 vol % H,0) 
Magnesium oxide (compressed) 
Magnesia (powdered) 

„ (light carbonate) 

Mineral wool 

Paper 

Petroleum coke 

Porcelain 
Rubber hard) 

(Para) 

. (soft) 

Sand (dry) 

Sandstone 

Sawdust 

Slag, blast furnace 
Slag wool 

Sulphur (monochnic) 

„ (rhombic) 

Wall board, insulating type 
„ suff paste board 
Wood (across gram) 

Oak 
Maple 
Pine, white 
Teak 
White fir 

Wood (parallel to gram) 

Pine 

Wool, anunal 


139 I 3a-75 


0 03 
0 028 
0 2-0 73 


0 021 
0 020 
0092 
0 54 
0 32 
0 35 
004 
0 0225 
0 024 
0 075 


* From Marks, Mechanical Engineers' Handbook, International 
Critical Tables, and other sources 
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THE THERMAL CONDUCTIVITY OF SOLIDS 
Table III 

Thermal Conductmues of Insulating Materials at High Tenyteratures* 

* = BThU per(hr)(sq ft)(“F peril) 

For c g s units multiply by 0 004134 (reciprocnl 241 9) 


Material | 

Laminated asbestos felt (approx 40 lamina- j 
tions per in ) 

Laminated asbestos felt (approx 20 lamina- , 
tions per in ) I 

Corrugated asbestos (4 plies per in ) | 

8S % magnesia | 

Diatomaceous earth, asbestos, and bonding i 
material ' 

Diatomaceous earth brick 


Diatomaceous earth powder (density 18 lb I 
per cu ft ) . 

Rock wool I 


Mean temperature, °F 


JOO \ 200 I 300 ] 


0 037 0 040 I 0 044 0 048 ; 


i ^ I 

0 050 1 0 055 1 0 060 0 065 

0 058 1 0 069 > 

0041 j 0 043 ; 0 046 > | 

0 047 I 0049 j 0050 | 0053 ' 0055 

0056 I 0 058 0 060 0 063 < 0 065 

0 130 0 133 0 137 < 0 140 I 0 143 

0 131 0 135 ' 0 139 , 0 143 ' 0 148 

I i ' I 

0 039 0 042 I 0 044 0 048 ; 0051 i 0054 

0 030 0 034 I 0 039 \ 0 044 j 0050 I 0057 


0 060 
0 069 
0 150 I 
0 155 ; 


0 065 
0-073 
0 158 
0 163 


1,500 \ _2 000 


I 0 176 ] 
j 0 183 1 0 203 


Asbestos cement 1 


85 magnesia cement, 0 6, asbestos and rock-wool cement, 0 9 approx 


• From Marks, Merhatiical Engmerr\’ Handbook 


Table IV 


Table V 


Thermal Conductmties of Insulating Materials at Low 
Temperatures (Orober)* 

A. - B Th U per (hr ) (sq ft ) (” F per ft ) 

For c g s units multiply by 0 004134 (reciprocal 241 9) 


Diffusivities of Metals and Other Substances* 
(DifTusivity — kjpe) 

Values given megs units, cm ‘ per sec 
Diffu- 


Density, temperatures, ° F 

lb per 

Material cu Jt 32 ' -50 100_\ -m -300 

Asbestos 44 0 I 0 1350 0 1320 ' 0 1300 | 0 1250 , 0 1000 

29 0 0 0894 I 0 0860 i 0 0820 0 0720 . 0 0545 

Cotton 5 0 I 0 0325 I 0 0302 | 0 0276 0 0235 , 0 0198 

Silk 6 3 0 0290 ' 0 0256 0 0235 0 0196 ' 0 0155 


* From M&rks, Met hanual kiigineirs' Handbook 




cm > Diffusivity, 

per sec Other substances ' cm * per set 


Aluminium 

Brass 

Copper 

FerraUoy (86 Fe, 
I4”i Al) 

Gold 

Invar (65% Ft, 35% 
NO 

Iron (wrought) 

.> (cast) 

Lead 

Magnesium 

Mercury 

Nickel 

Nickel chrome 
(80°. Ni, 20>'; Cr) 
Platinum 
Silver 

Stainless steel 
(18% Cr, 8% Ni) 
Tin 
Zinc 


0 826 Air 

0 339 , Asbestos wool 

1 133 Brick, lire 

„ building 

0 036 Coal 

1 182 Concrete 

Cork (granulated) 
0 027 Glass 
0 173 Granite 
0 121 Ice 
0 237 Kieselguhr 
0 883 I Limestone 
0 033 Slag wool 
0 152 Snow (fresh dry) 
Soil,t sand 
0 044 „ gravel 

0 243 , clay 

1 737 Water 


0179 
, 0 0035 

0 0074 
0 0050 
0 002 
> 0 0056 

I 0 002-0003 
1 0 0057 

0 0155 
0 0112 
0 002-0003 
I 0 0092 

' 0 002-0 003 
, 0 0033 

I 0 0036-0 0087 
0 0074-00125 
! 0 0057-00136 
0 00143 


0 036 
0 407 
0 402 


• From Dictionary of Applied Physics, vol i, p 466 
t Sec article on ‘Heat Loss from Buried Pipes* 



THE EMISSIVITY OF SURFACES 

By E. S L. BEALE, M.A , F.Inst P 
Consultant in Engineering Phi sics, London 


The emissivity of a surface may vary greatly with the 
wave-length of the radiation It is, therefore, necessary to 
define the quality of the radiation, and this is usually done 
on a temperature basis by assuming the radiation is that of 
a black body at that temperature 
The emissivity of a surface also may depend greatly on 
the exact condition of the surface, i e whether clean oi dirty, 
polished or matt, and whether there is a film of oxide or not 
These variations are particularly marked when the emis- 
sivity IS low, and in such cases the values found in the tables 
of this property must usually be regarded as approximate 
only unless the conditions arc very accurately reproducible 
The following tables of emissivities have been compiled 
from data given by the International Critical Tables, Schmidt 
(Stahl und Eisen (1927) 133, 6), Fishenden and Saunders. 
Calculation of Heat Transmission More extensive tables 
are given in the last reference and also in the Chemical 
Engineers' Handbook which may be consulted for further 
details and for variations in surface conditions 
The values shown in italics have been estimated from 
sunilar materials or from neighbourmg temperatures and 
in some cases are not veiy reliable 

Table I 

Emlssmties of Constructional and Miscellaneous Materials 

Normal emissivity 

Material JO" C ' Solar 

JBrieks 

Fletton light portion (0 PO) 0 45 

dark „ (0 90) ' 065 

Red 0 94 I 070-077 

Purple-blue (09S) , 0 80-090 

Concrete (0 8S) 0 65 


Table I (cont) 

I Normal emissiviiy 
Material I 50“ C Solar 

Roofing materials \ 

RedUles , 0 65-0 70 

Dark-purple tiles (0 95) 0 82 

Slates 0 70-0 80 0 80-0 90 

Galvanized iron whitewashed , (0 $5) 0 21 

Asbestos cement, white i (0 93) 0 60 

Galvanized iron, new ' 0 23 0 66 

„ „ dirty , (0 75) 0 90 

Asphalt (0 95) 0 90 

Bituminous felt (0 95) 0 90 

Paints, pigments, ic 
Paints and varnishes* 

Oil in thick layers ->0 2 mm 
Alumimum paint 
Bronze paint 

Lampblack, acetylene soot 
Pigments, red Fe,Oa 

„ hght yellow PbCrO 

. white ZnO 

„ white PbCo, 

Miscellaneous materials 
Whitepaper 0 95 028 

Glazed porcelain ' 0 90-0 95 

White marble (polished) I 0 90 0 47 

Glass 0 90 

Gravel and soil i 0 90-1 0 

Plaster of Pans i 0 915 | 

Quaru (rough fused) | 0 94 

* Varnish and paints (cellulose or linseed oil base and any pig- 
ment), when applied to any surface, give it an emissiMty of 0 9-1 0 
for radiation corresponding to low temperatures 


0 85-0 95 
0 83 

0 45-0 65 (040-0 50) 
0 55-0 70 

0 95-0 97 0 99 

0 96 0 74 

095 0 30 

0 97 0 18 

0 89 0 12 


Table IT 

Emtssmttes of Metals 




THE CALCULATION OF THE FLOW OF LIQUIDS AND GASES 
ACROSS BANKS OF PIPES AND IN PACKED COLUMNS 

By THOMAS H. CHILTON 

Engineering Department, E I du Pont de Nemours & Co , Wilmington, Del , US A 


Flow across Banks of Pipes 
The flow of fluids outside of pipes as, for example, m the 
shell side of tubular heat exchangers is obviously dependent 
not only on the arrangement of the tubes, but primarily on 
the direction of flow relative to the tube bank If the flow 
IS essentially parallel to the axis of the tubes, the flow can 
be calculated— for the turbulent flow region — ^by sub- 
stitutmg the usual concept of hydraulic radius or eqiuvalent 
diameter in the appropriate friction formula It should be 
noted that these do not apply in the viscous region with 
any degree of exactitude 

In the flow across tubes, however, where the area of the 
flow passage varies from point to pomt, a simple calcula- 
tion based on friction alone is not admissible, since there 
will be losses due to eddies followmg the expansion and 
contraction of the fluid stream 

For flow of liquids and gases directly normal to banks 
of staggered tubes, a correlation by Chilton and Genereaux 
[4, 1933] leads to the following recommended equations 


2g 

For viscous flow, where 


0 ) 


For turbulent flow, where 

> 50 

H 

/= 0 75(^*^“^)"°’ (3) 

For tubes on rectangular spacmg, not staggered, in the 
turbulent flow region, 

/= 0 33(-‘-^*'’)~“’ (4) 

The experimental data on which this correlation was 
based covered a range of tube pitch/tube diameter ratios 
varying from 1 25 to 7 35, and of free cross-secUon m first 
row to free passage between successive rows varying from 
0 40 to 0 795 Most of the data, however, were for tubes 
arranged on equilateral triangular spacmg 

These equations may not be stnctly apphcable to flow 
of fluids m baffled heat exchangers, not only on account 
of the fact that the flow is not uniformly at right angles to 
the tube bank, but also on account of leakage through the 
clearances between the baffle and the tubes and shell If 
apphed, the equations will yield conservative results (i e 
high values of pressure loss for a given velocity) Bowman 
[2, 1934, 1936] obtamed approximate agreement with the 
above equaUons for pressure drop m a line of similar 
exchangera, with circular tube bundles baffled to give cross 
flow, by the introduction of a ‘leaka{^ factor’ in the cal- 
culation of the mass velocity, as follows 

IJNd^ 


When the other dimensions are measured in feet, K had 
the value 001 

Short [9, 1934, 1936] has reported extensive tests on 
models of baffled exchangers, but no generally satisfactory 
method of calculation has been given 

To allow for the pressure drop around the bafiles, if 
these are segmental, it is suggested that the following 
sunple equation, again yielding conservative results, be 
employed 

It will be seen that this equation is equivalent to treating 
the opening as an orifice with a discharge coefficient of 0 7 1 


Nomenclature for Equations relating to Calculation of 
Flow across Banks of Pipes. 

Any self-consistent set of units may be used, those in- 
volvmg pounds, feet, and seconds are given as examples 
D« ^ clearance between adjacent tubes m row, ft 
D, = equivalent diameter of fluid passage == 4 (free 
volume/total tube surface), ft 
D, = diameter of tube, A 
Dg = diameter of shell, A 

/= friction factor, defined by equation (1), dimension- 
less 

g = acceleration due to gravity, 32 2 A /(sec )* 

K ~ clearance factor in equation (5), A 
Lg = distance between baffles, A 
Ng = number of baffles 
Nf = number of tubes in exchanger 
Ng =» number of rows passed across by fluid 
AP = pressure loss, lb per sq A 
Q = volume of fluid, cu ft per sec 
Sg = area of free opemng m baffle segment, sq A 
"inu velocity through mimmum free cross-section of 
fluid passage (m an average row), A per sec 
fif = viscosity of flmd, lb /(sec ) (A ) (equal to 0 00672 x 
viscosity in centipoises), measured, unless the flow 
IS isothermal, at a temperature obtamed by addmg 
(algebraically) one-fourth of the logarithmic mean 
temperature difference to the anthmetic average 
fluid temperature 
p - density of fluid, lb per cu ft 

Flow in Packed Columns 

The flow of fluids through beds of packed granular solids 
or other porous structures cannot be treated directly by the 
methods used for flow through pipes or other umform 
channels, smee the diameter factor, or ratio of frictional 
surface to flow section, cannot be easily evaluated, and 
since the direction as well as the cross-section of the flow 
channels changes contmuously 
For the flow of a smgle fluid, gas or hquid, through beds 
of uniform granular solid particles, a correlation by Chilton 
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and Colburn [3, 1931] of available data leads to the fol- 
lowing equations 


For VISCOUS flow. 


r^ 850\=^) (8) 

For turbulent flow, 

^>40 

/'-38(^^^)~"“ (9) 

Data in approximate agreement with these equations 
have been reported by Fancher and Lewis [5, 1933] and 
Uchida and FujiU [10, 1934], though the latter’s results 
(on spheres) can be more accurately expressed by the 
equation 

/'= 5 + 500 (^^)"’'’ ( 10 ) 

over the range of 3 to 1,000 for (DfUtpjfi) 

An allowance for the variation from the normal void 
content of a bed of irregular solid parucles is offered by 
Meyer and Work [8, 1936-7], m terms of a modified dia- 
meter, Dr defined by the equation 
K. 

For the friction factor defined by the equation 

AP - (II) 

The friction factor, for viscous flow, 



was found to be 

/' = 23 6(67-iy(^!^)"‘ (12) 

The use of these last equations requires, however, a 
knowledge of the normal void content (loosest packing) 
and of the actual voids, as well as the average particle 
diameter These authors were not able to find a satisfactory 
correlation for data on blends of different sizes 
Values of the wall-effect factor, A/, as computed by 
Eumas [6, 1929] are given in Fig 1 
If the packing is not solid, but formed of hollow shapes, 
such as Raschig and Lessing nngs, Berl saddles, &c , the 
pressure drop will obviously be less than that computed 
for solid particles of the same nominal size Factors by 
which to multiply the calculated pressure drop to take 
account of this effect for hollow packings are given by 
Chilton and Colburn [3, 1931] More extensive data con- 
sidered by White [11, 1935] may be represented by the 
following expressions 
For Raschig or Lessmg nngs 


Fa = 0 24(d;)-»* 

(13) 

For Berl saddles 


Ffc- 013(D;)-»» 

(14) 

These equations cover a range of (nominal) packmg 


sizes, Da from about 0 25 m to 2 m liiey are to be used 


_ IfAiLput 
~ gb. 


““''<40 

/n.u-/i\-i 


without allowance for wall-effect fhetor, referred to above, 
but apply only when DfIDt is less than I, they appear, 
however, to apply for viscous as well as turbulent flow 
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The discussion up to this point covers only flow of gases 
through dry packing, or flow of smgle liquid phases through 
beds of packed solids The effect of wetting a packing is 
to increase the pressure loss for a given flow of gas, since 
the effective free volume is thereby diminished, and more 
and more of the smaller passages are closed off as the 
liquid flow increases 

Factors to allow for wetting of solid packmgs (wet and 
drained) and for the efiect of cuculatmg liquid (water, at 
a rate of 0 18 lb /(sec) (sq ft tower cross-section)) are 
tentatively proposed by Clulton and Colburn [3, 1931] 
based on data of Zeisberg [12, 1919], as follows 
Packing wet and drained 

1+0 22(0;)-' (15) 

Water circulating at rate of 0 18 lb /(sec ) (sq ft ) 

/l= 1+0 47(D;)-' (16) 

The pressure drop calculated for dry packmg is to be 
multiplied by the factors given 
The effect of water cumulation on pressure loss m gas 
flow through hollow packmgs is also considered by White 
[11, 1935], who gives curves showmg the relative increase 
due to liquor circulation over that for the wet and dramed 
Raschig nngs, see Fig 2 The increase of pressure drop 
for the wet and dramed packmg over the dry, while not 
summanzed by White, was well enough represented by 
equation (IS), above 

Not enough data are available to generalize as to the 
effect of other liquids than water It seems likely, however, 
that more viscous liquids would cause a greater increase 
m pressure drop, at the same rate of flow 
Data on the pressure loss m the larga sued fabneated 
stoneware packing shapes often used m large-scale absotp* 
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Uon towers are given by Zcisberg [12, 1919] In the 
original, values of pressure loss in inches of water per ft 
of packing arc given for an air velocity of 1 ft per min 



Fig 2 

These have been converted to dimensionless friction factors 
for use in equation (7), assuming that the air density was 
0 075 lb per cu ft , and taking for Dp (in ft) the values 
shown These values may be assumed constant without 
serious error for the usual range of velocities employed 
with these packings, that is, a few feet per second See 
Table below 


but m general referring to the maximum velocity for satis- 
factory operation Data on the flooding and loading velo- 
cities for air flow (at a density of 0 075 lb per cu ft ) in 
towers packed with Raschig rings with water circulation 
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have been collected by White [11, 1935] While's curves 
are reproduced m Fig 3 The loading-point is taken by 
White as the gas velocity at which the logarithmic pressure- 


Friction Facton for Fabricated Packings, for Use with Equation (7) 
UataofZeisberg[12 1919] 


Packing 


I ' Dumped 

I Dp,ft ' Dry , Wei \ Circ 


Dry 


Slacked 

Wei I Circ I Dry 


Paiked 
Wei Ore 


4x3 

3x3 

3x3 

6x6 


in smooth diaphragm rings 
in corrugated diaphragm rings 
in corrugated spiral rings 
in corrugated spiral rings 
corrugated Hechenbleikner blocks 


0 33 1 6 1 67 , 76 !30|4Ii46I 39 41 

0 25 ' 47 , 5 1 58 1 28 ! 3 8 1 54 ! 24 26 26 

0 25 4 1 49 I 58 i 49 ; 49 ' 56 , i 

0 50 ' 69 I 86 I 9 1 I 4 1 5 7 64 

050 29l66'66 6416969 47 51 51 


‘Dumped signifies packing dumped at random 

‘Stacked* signifies packing arranged regularly in layers, but with no attempt to have pieces in one layer in any way related to those in 
adjacent layers 

‘Packed’ signifies packing arranged regularly in layers, with axes of pieces in adjacent layers coinciding 
‘Qrc ’ signifies water circulation at rate of 0 18 lb /(sec ) (sq ft ) 


For grid packings, Johnstone and Singh [7, 1936-7] pro- 
pose the equation 

/. ’ + 0 K(g)' ‘(g)'” (17) 

for use in the customary Fanning equation 

The veloaty term m these equations is the actual velocity 
through the gnd passages, that is, the velocity through the 
totver corrected for the fractional free cross-section, D, is 
the equivalent duuneter of the passages, defined as usual 
m terms of the surface area parallel to the flow and the 
total free volume 

One of the most important charactensbes of packings 
for countercurrent flow of hquid and gas is the loadmg 
or flooding velocity, or cany-over point, vanously defined 


drop velocity curve first deviates from a slope of approxi- 
mately 2 0 The flooding-point is the velocity at which the 
same curve turns abruptly almost vertically upward 
For other gases, it is suggested that values of (pi/J) will 
be the same at the flooding-point as for air (/> — 0 075) 
Loadmg velocities for a few other packings, at a single 
water rate, are given by Baker, Chilton, and Vernon 
[1, 1935] Conservative practice dictates operation at not 
over 50 or 75% of the loading velocity 


Nomenclature for Equations relatmg to Calculation of 
Flow in Packed Columns. 

Any self-consistent set of units may be used, except 
where noted, those involvmg pounds, feet, and seconds are 
given as examples 

Aj = wall-effect factor, see Fig 1, dimensionless 
2>( = thickness of gnd members, ft 
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Dt == equivalent diameter of fluid path, ft = 4 (free 
volume/surface of fluid passage) 

Dg — height of individual grid member, ft 
D, = clearance between grid members 
D, — nominal particle diameter, ft 
D’, — nominal packuig diameter, tnches [equations (13)- 
( 16 )] 

Dt -= diameter of tower, ft 

Dr- modified particle diameter, ft [equaUon (11)] 

Fc — multiplication factor for effect of liquor dictation, 
dimensionless, but depends on dimensions of D^ 
[equation (16)] 

F|^ = multiphcation factor for hollow particles, dimen- 
sionless, but depends on dimensions of D", [equa- 
tions (13)-(14)] 

Fy, = multiplication factor for effect of wetness of pack- 


mg, dunensionless, but depends on dunensions of 
Di [equaUon (13)] 

f = friction factor, dunensionless [equation (18)] 

/' = [ .. ( 7 )] 

/' .. „ [ „ (11)] 

g = acceleration due to gravity, 32 2 ft /(sec )• 

L ^ height of packmg, ft 
AP -- pressure loss, lb per sq ft 
u =- velocity (actual through fluid passage), ft per sec 
Uo = velocity based on cross-section of empty tower, ft 
per sec 

Va = actual void content of bed, percentage 
Vy = normal ftoosest) void content, percentage 
IL = viscosity of fluid, lb /(sec ) (ft ) (equal to 0 000672 
X viscosity m centipoises) 

P = density of fluid, lb per cu ft 
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CONDENSER, HEAT EXCHANGE, AND TUBE-HEATER 
EQUIPMENT 

HEAT EXCHANGERS AND CONDENSERS 

By THOMAS H. CHILTON and THOMAS B DREW 
Engineering Department, E I du Pont de Nemours & Co , Wilmington, Del , US A 


It will be the object of this article to provide methods and 
data for the design of heat-transfer equipment other than 
direct-hred umts The features of design treated, however, 
will be hmited chiefly to the calculation of the economical 
heat-transfer surface and its arrangement, the mechamcal 
details, such as methods of securing tubes in tube sheets, 
jomt closures, allowance for differential expansion, &c, 
will be left largely for the equipment manufacturer to 
specify 

Heat-transfer equipment for the petroleum industry, 
other than direct-flred types, can be roughly classified as 
follows heaters, m which a liquid is warmed, generally by 
condensing steam, heat exchangers, m which one liquid is 
warmed by another at a higher temperature, condensers, 
in which a vapour is reduced to liquid, usually by cooling 
water, and reboilers, in which a hquid is boiled, generally 
by means of steam The controllmg resistances to heat flow 
in these classes of equipment are different, and will there- 
fore be discussed separately under the appropriate classi- 
fication 

A. Heaters. 

As just stated, heaters are typically required to raise the 
temperature of a liquid by means of latent heat available 
in condensing steam The overall heat-transfer coefficient 
IS not materially affected by the velocity of the steam, con- 
sequently no baflles are necessary whra the steam is sup- 
plied to the shell side of the heater The liquid to be heated 
IS generally sent through the tubes, not only because its 
velocity can thereby be brought up to a pomt which will 
mcrease the heat-transfer coefScient to a desirably high 
value, but also because the tube passages can be deaned 
readily by flushing, swabbuig, or by rotaiy tube cleaners, 
while the external surface is not so easily freed from accu- 
mulation of material which interferes with heat transrms- 
sion If for any reason, such as unwillingness to expose 
the headers to the fluid heated, it is advantageous to send 
the cold fluid through the shell, the design should be treated 
as for a heat exchanger, under SecUon B, below 

Typical designs of heaters are given in Figs 1 and 2 
It will be noted that in Fig 1 the difference m thermal 
expansion between the tubes and the shell has been allowed 
for by a corrugation m the shell, while in Fig 2 one of the 
tube sheets is free to move longitudmally m the shell (In 
Fig 2 one baffle has been shown just inside the tube inlet 
to prevent cuttmg of the tubes by water earned m the 
steam ) Tubes are generally chosen to conform to some 
standard dimensions, as, for example, those m Table I 
Single lengths ate ordmanly limited to less than 20 ft , or 
less if space requirements make it necessary to keep the 
exchanger length short As pomted out below, the per- 
formance of a heater, expressed as the ratio of the tempera- 
ture nse of the fluid to the available (mean) temperature 
difference, is nearly proportional to the ratio of length to 
duuneter of the tubes Obviously, therefore, it is desirable 


to use tubes as small as practicable, so as to keep down the 
length, and of these the minunum number that will accom- 
modate the specified hourly quantity of flmd to be handled 
without excessive pressure loss If provision must be made 
for cleamng the tubes, as is generally the case, the mternal 
diameter should not be less than i in , or even | in The 
thickness should be chosen not only with due consideration 
of the stress due to any burstmg pressure, but equally often 
with consideration of possible collapse in case the external 
pressure exceeds that within the tubes, and also with regard 


ll 



Fig 1 Single-pass tubular heater A Tubes B„ B, Tube sheets 
C Shell D, D, Liquor-distribution chambers E,. E, Covers 
F Steam inlet C Condensate outlet H Liquor inlet J Liquor 
outlet K Non-condensed gas vent (Reproduced by permission of 
Badger and McCabe, 'Elements of Chemical Engineering' (McGraw- 
Hill. 2nd ed)p 162) 

to methods of securuig the tubes m the tube plates, and to 
possible corrosion and wear in cleaning Up to the limit 
set by the possibility of rolhng the tubes into tube sheets, 
thick-walled tubes are more desirable, therefore, than thm 
A greater thickness will cause an mcrease m the total m- 
stalled cost of the eqmpment of only a small percentage, 
except m the most expensive alloys, and the mfluence on 
the heat-transfer coefficient will seldom be felt with any 
ordmary metals 

As a result of these considerations, tubes smaller than 
I m or 1 m O D will be used under only unusual condi- 
tions, and wall thickness will be seldom less than 0 06S m 
(16BWG) 

If this practical mmimum diameter of tube is still found 
to require an excessive length, greater efiecUve lengths can 
be utilized m a single shell by multipass construction, as 
illustrated in Fig 2, which may be mcreased to four or 
eight passes by suitable arrangements, or separate heaters 
may be connected m series The latter scheme is usually to 
be preferred when a liqmd is to be heated through a very 
wide temperature interval, since mechamcal difiSculties may 
arise because of unequal expansion of the diflerrait passes 

The spacing between tubes is of no particular conse- 
quence as regards heat transfer m a heater utihzing steam, 
and therefore may be kept at a practicable mimmum so as 
to keep down the diameter of the shell Cleamng of the 
exterior of the tube bundle is also not often to be provided 
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for The practicable minunuin clearance between tubes, 
with regard to strength remaining in the tube sheet, may 
be set at about i in The immmum diameter of shell will be 
obtained when equilateral triangular arrangement of the 



Fio 2 Two-pass floating-head heater {Reproducrd by permit- 
sum of Badger and McCabe, ‘Elements aj Chemical Engineering 
(McGraw-Hill, 2nd ed ), p 165 ) 


tubes IS followed The shell diameter is best obtained by 
an actual lay-out, but the ratio, r, of the (mtemal) shell 
diameter to the centre-to-centre tube spacing can be ap- 
proximated for any number of tubes, Nt, by the equa- 
tion 




( 1 ) 


The calculauon of the heat-transfer surface is now 
arrived at by the use of the loganthmic mean temperature 
difference, where this is applicable, and an estimate of the 
heat-transfer coefficient, with allowance for the series of 
resistances to transfer of heat from the heating medium to 
the fluid being heated, in conformity with the usual equation 


i=i+l+i+l 

U h.^ hy,^ hi^ hj 


(2) 


(In this equation, it is assumed that the areas for heat- 
flow are all equal , if they are not, the individual coefficients 
must be adjusted to some common basis) 

For the loganthimc mean to be valid, it is sufficient that 
the water equivalent, WC, of the fluid being heated and 
the coefficient U be the same for all points of the heating 
surface In a heater, provided no vaporization takes place, 
the first condition is ordinarily approximately satisfied, 
since for many liquids the variation of the specific heat 
with temperature is moderate Serious errors may anse, 
however, through failure to allow properly for variations in 
U, which are sometimes considerable Fortunately, it fre- 


Table I Standard Condenser-tube 


tt 



0 887 I 
0 708 I 
0 533 ' 


I 


0109 I 0282 
0 083 , 0 314 
0 065 I 0 370 
0 049 I 0 402 
_ 0 035_' 0 430 
0109~| 0407 , 
0 083 0 459 

0 065 0 495 I 

0 049 I 0 327 I 
_ 0 0 35 I 0 555 
0 134 I 0 482 I 
0 109 , 0 532 I 

0 083 1 0 584 , 

0 065 , 0 620 I 
0 0 49 I 0 6 52 I 
0 134 I 0 607 i 
0 109 I 0 657 
0 083 I 0 709 
0 065 I 0745 
0049 I 0777 
0 134 I 0 732 
0 109 0 782 

0 083 , 0 834 
0065 0 870 

0 049 I 0 902 
0134 ' 0 982 
0 109 I 1 032 I 
0 083 ,1 084 

0 065 I 1 120 I 
0 049 I 115 2 I 
1 232 I 



0 3925 
03925 
0 3925 
0 3925 
0 5233 
0 5233 
0 5233 
0 5233 


3,671 

3,885 

4,122 

4,281 


In brass, sp gr 8 56 
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queotly happens that U may be approximated by a Imear 
function of the temperature, and for this cuvumstance it has 
been shown [9, 1933, 19, 1929] that the correct heating sur- 
face IS given by the formula 


9 

A 




2 3 log, 0 


UiAu 


(3) 


where A/„ A/, — the terminal temperature differences, £/„ 

Ut the local overall coefficients at the respecUve 
terminals to which At, and Ati refer 
When the fluid being heated moves in a stream-lme flow, 
the overall coefficient varies from point to point along the 
heating surface and attention must be given to the manner 
m which experimental results have been computed from 
the original data in order to determme the correa mode 
of use In the correlations of stream-line flow data given 
below, the coefficients are those appropriate for use with 
an arithmetic mean temperature difference 
The heat-transfer coefficient, h„ for condensmg steam, 
if this is employed, is generally so high as to make its 
reciprocal negligible in the above summation, in compari- 
son with the film coefficient for heating oils In case of 
doubt. Its value may be estimated by the methods in 
Section C, below The conductance of the tube wall, A„, 

IS likewise high in comparison, it can he calculated from 
the conductivity of the metal and the wall thickness 
An allowance for the conductance, hj, of films of 
material deposited on the surfaee of the tube from the fluid 
being heated is, however, of real importance It is here that 
the experience and judgement of the designer will be called 
for, since fouling factors vary with the nature of the 
material handled and the characteristics of the tube metal 
[20, 1936] For even relatively clean and non-corroding 
liquids, It IS probably desirable never to use a dirt film 
conductance greater than 1 ,000 B Th U /(hr ) (sq ft ) (“ F ), 
and perhaps much less if sludge or coke is likely to be 
deposited, even as low as 50 A value of 200 for heating 
crude oil or topped crude has been suggested (17, 1933] 

The oil film heat-transfer coefficient, hj, can be estimated 
fairly closely, on the basis of available correlations, pro- 
vided the physical properties of the oil are known The 
correlations here cited involve these properties in sets of 
dimensionless groups, so that it is essential to substitute 
numerical values in some set of sclf-consistent units, as, 
for example, those in the table of nomenclature at the end 
of this article 

With the diameter of tubes chosen, at least tentatively, 
the number is then calculated which will probably accom- 
modate the flow without excessive pressure loss, this will 
ordinarily call for a Imear velocity (of liquids of not too 
high a viscosity) of, say, 1-5 ft per sec The values m 
Table I will facilitate the calculation of the velocity The 
formulae of this section generally call for the mass (i e 
weight) velocity, G, expressed m lb /(hr ) (sq ft ) This is 
equal to 3,600/>«, if u is in ft per sec 
For the general case, and especially for large tubes, long 
tubes, or for fluids with unusual properties, the correlation 
of Colburn [7, 1933], reproduced in another arUcle [25], 
is recommended For the ordinary range of tube sizes, and 
for the usual hydrocarbon oils, ffie curves of Sieder and 
Tate [21. 1936] are convenimt (Fig 3) 

To use this chart it is necessary to calculate first the 
R^dds number based on the viscosity of the fiuid at 
the average of the inlet and outlet temperatures, /Ug If the 
Reynolds number is greater than 2,100, the flow is tur> 
m Nn 


bulent, and the heat-transfer coefficient for use with the 
logarithmic mean temperature dificrence can be calculated 
from the value of the ordinate by the substitution of the 
factors called for in the dimensionless groups To obtam 
It IS necessary to estimate the pipe-wall temperature, 
for the case of heating oils with steam, this may be taken 
as equal to the steam temperature, as a first approximation , 
for other conditions, the temperature must be based on the 
relative thermal resistances m series, in accordance with 
equation (2) The line representing the data in the turbulent 
region may be extrapolated to higher Reynolds numbers 
by means of the following equation 

If the Reynolds number is just above 2,100, it will be 
necessary to make an approximation for the length of the 
tubes (or the length of a suigle pass), and to chose the 
appropriate curve 

If the Reynolds number is below 2,100, viscous flow 
prevails, and the heat-transfer coefficient depends on other 
factors than the Reynolds number, prmcipally on the 
length/diameter ratio Moreover, the coefficient obtained 
from the chart is to be used with the arithmetic mean tem- 
perature difference from tube wall to fluid, not the loga- 
rithmic mean When a value of h has been obtained by 
means of a first approximation, and a value of the overall 
coefficient calculated, the resulting tube-length is used in 
a second approximation to obtain more nearly the exact 
value For extrapolation or interpolation in the viscous 
region the following equation may be used 

For the usual case where the oil-film resistance is the 
controlling factor and the surface temperature can be taken 
as equal to the steam temperature, the length of a (smgle) 
tube to give the required temperature rise can be estimated 
directly by a rearranged form of the above equation 



where fVC is the water equivalent of the oil flowing per 
tube It IS obvious that the temperature rise cannot be 
more than twice the arithmetic mean temperature difference, 
where the surface temperature is constant The Imuting 
value for a countercurrent exchanger depends on the rela- 
tive heat capacities of the fluids The same equation may 
be used m approximating the length of tubes for a heat 
exchanger, provided an allocation of resistances is first made 
so that the termmal wall temperatures can be estimated. 

If sufficient allowance has been made for dirt accumula- 
tions m calculating the overall coefficient, no additional 
factor of safety need be added m estunatmg the heat- 
transfer surface If one is added, the addition should be 
made to the length of the tubes and not to the number, 
since the reduced velocity m a greater number of tubes wiU 
give a lower (film) coefficient and so offset the greater sur- 
face area Additional tubes will, of course, provide for 
handhng larger flows without excessive pressure drop 
Safety or ‘ignorance' factors should be based on the degree 
of certainty which can be attached to the design data 
furnished 

Pressure drop when heatmg or coohng liquids will not 
be the same as for isothermal flow Sieder and Tate recom- 
mend [21, 1936] that for turbulent flow the isothermal 
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friction be multipbed by 1 and for viscous Shell and tube exchangers can be built, of course, without 

flow by 1 1 WfO® ** baffles, m which case the flow can be considered as parallel 

to the heat'transfer surface, and calculations can be based 
B. Heat Exchangers on the formulae for flow mside tubes, usmg the ‘ equivalent 

Heat exchangers differ from heaters only in that there diameter* concept (4 times the cross-section divided by the 
are fluids (usually liquids, m petroleum technology) chang- ‘wetted’ perimeter) The velocities so obtainable, however, 

ing in temperature on both sides of the heat-transfer sur- arc lower than desirable to make most effective use of the 



Flo 3 Coeflacients for heating or cooling oils inside tubes (self-consistent units) L « length of tube, ft , D = diam of tube, ft , C =« mass 
velocity, lb /(hr ) (sq ft ), A - tube wall-to-oil coefficient, B Th U /(hr ) (sq ft ) (” F ), C -- specific heat of oil, B Th U /(lb ) (° F ), u, = vis- 
••»/(«) (hr)*= 2 42xcentipoiaes, /i. <r- viscosity at wall temp, lb /(ft) (hr ), A; >> thermal conducbvity of oil, 
B Th U /(hr ) (sq ft ) (° F /ft ) 


face Die design of exchangers differs from that of heaters 
only by the factors mfluencmg heat transfer from the fluid 
outside the tubes 

All the considerations set forth above with regard to 
length and diameter of tubes and calculaUon of inside film 
heat-transfer coeflkients apply here and need not be re- 
peated. It will only be necessary to discuss those factors 
having to do with conditions on the shell side 

The heat-transfer coefficient on the outside of the tubes, 
as well as the pressure drop, is influenced the velocity 
(and direction) with which the fluid flows through the pas- 
sage between the tubes (hereafter referred to as the ‘maxi- 
mum velocity’, 1 e at the closest approach of the tubes m 
a representative row) This velocity u controlled, m turn, 
by the number of tubes, their spacing, and the spacing of 
the baffles 


film heat-transfer coefficients possible inside the tubes for 
most ratios of fluid quantiUes, and so baffles are generally 
resorted to 

Baffle arrangements are offered commercially in bewil- 
dermg variety, but, so far as the authors of this article 
are aware, no data are available to show the superiority of 
one type over another Segmental baffles, arranged to give 
as nearly as possible an approach to true cross-flow condi- 
tions, permit the closest comparison with data obtained for 
such conditions, and only this type will be considered here. 

Since the tube spacing influences the heat transfer, this 
dimension must be chosen with this m mmd, as well as 
the muufflum clearance allowable for secure fastening of 
the tubes (i m. was suggested above) or for ease of deaning 
between the tubes. If deanmg must be provided for, a 
square arrangement of the tube bank is to be i«efietred to 
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a staggered, and the clearance may be limited to } m or 
even i in A square arrangement can be disposed so as to 
give the effect of a staggered bank if the flow is made 
to follow the diagonals instead of the sides of the squares 
on which the tubes are laid out If foulmg is not considered 
serious, and a staggered arrangement can be used, an equi- 
lateral triangular arrangement is as good as any It is 
suggested that the minimum allowable clearance be chosen 
as a first approximation, and with the number of tubes 
chosen on the basis of an economic velocity inside the 
tubes, that an estimate then be made of the baffle spacing 
necessary to give a (maximum) velocity of a few feet per 
second outside the tubes If this spacing is too wide to 
allow an approach to true cross-flow conditions, or if the 
pressure drop is too great for a reasonable baffle spacing, 
the tube spacing can be increased It is not desirable to 
use a baffle spacing less than 1-2 in Incidentally, the 
baffles may well be of the same metal as the tubes and of 
the same thickness as the tube wall Chamfermg edges of 
tube holes helps to prevent cutting of the tubes in service 
Data on heat transfer to or from fluids flowing directly 
across banks of staggered tubes have been correlated by 
Colburn [7, 1933], and the resulting curve is presented m 
another article [25] It can be represented by the equation 

for values of (DCJn/) between 2,000 and 50,000 The 
viscosity called for in this equation is at the film tempera- 
ture, 1 e at a temperature half-way between the mean fluid 
temperature and the wall temperature For flow across 
tubes in square arrangement, the coefficient in the above 
equation is about 0 25 Here is the maxunum velocity 
(through the area at the closest approach of the tubes) 
Results reported by Bowman [3, 1936] on a line of 
baffled exchangers are brought into agreement with the 
above equation when the velocity is corrected for leakage 
around the baffles 

■ Lfc[Z), -£»,(! 27N,)0 >] I 1 25KD„ AT, 

When the other dimensions are measured in feet, K was 
found to have a value of 0 QL 
More simply,~but not so accurately. Bowman’s results 
can be represented without this clearance factor by making 
the coefficient in equation (7) equal to 0 20 On the same 
basis, a baffled exchanger with tubes on square arrange- 
ment might be calculated by equation (7), usmg the nominal 
maximum velocity, with a coefficient equal to 0 15 
When film coefficient of heat transfer for the shell-side 
fluid has thus been estimated, it can be combined with that 
for the fluid mside the tubes, and with appropriate dirt-film 
conductances on both sides of the wall, to give an overall 
coefficient 

In the case of smgle-pass shell-and-tube heat exchangers 
the heating surface is determmed, as for heaters, by the use 
of an estimated overall coefficient, U, and the logarithmic 
mean temperature difference, or, when U vanes linearly 
with the temperature difference, by the use of equation (3) 
At first thought such procedure may seem unwarranted 
because the customary baffles make the shell-side fluid flow 
across rather than along the tubes as was assumed m the 
denvation of the rules In practice, however, the baffles 
are commonly so numerous that a negligible change m 
tenqierature is incurred by a single transverse passage of 
file shdl-side fluid between adjacent baffles. Hence for 
pnebcal purposes the temperature of the fluid m the shell 


vanes only m the direction along the tubes In the unusual 
case of an exdianger with only one or two baffles, recourse 
may be had to the charts of D M Smith [22, 1934] for an 
estimate of the mean temperature difference by which the 
loganthmic mean should be replaced 

Multipass construction introduces a complication which 
cannot be neglected without senous error, indeed, such 
neglect often leads to specifications which are thermo- 
dynamically impossible The origin of the trouble may be 
seen by considering a U-tube placed axially, the closed end 
extending upstream, within a jacketing pipe If the fluid 
inside the U-tube is being heated, such an exchanger can 
actually operate with the exit temperature of that fluid 
above the exit temperature on the shell side, thus the 
direction of heat flow in one arm of the U may differ from 
that in the other For exchangers of this type, i e single- 
pass shell with two passes through tubes (when overall 
coefficient is uniform, and the fluids do not vaporize or 
condense), Nagle [18, 1933] and Underwood [23, 1934] 
have shown that the correct mean temperature difference is 
found if the logarithmic mean calculated on the assumption 
of counterflow is multiplied by the function Fof the tem- 
peratures and temperature differences which is given by 
Fig 4(fl) The direction of flow in the shell does not 
influence the result, and the number of passes on the tube 
side, at least if an even number, has so slight an effect that 
It IS negligible in practice 

When multipass construction is used on the shell side as 
well as on the tube side, or — what is the same thing — ^if 
several exchangers with one shell-pass and multiple tube- 
passes are connected in senes, the correction factor F is 
the same for each shell-pass if each contams the same 
heating surface This fact was utilized by Bowman [4, 1 936] 
m constructing, from Fig 4(a), the analogous charts 
Fig 4 (6, <*, d, e) for exchangers with multipass shells In 
the derivation it was supposed that the fluids flow from 
one shell-pass to the next in a countercurrent sense, as is 
usual within a single shell, the charts arc therefore applic- 
able to exchangers in series only if they arc connected in 
a countercurrent sense If there is only one tube-pass per 
shell-pass, the logarithmic mean obviously applies, pro- 
vided all passes have the same number of tubes, &c, 
regardless of the number of passes (or shells) in senes 

When, in a multipass exchanger, U cannot safely be sup- 
posed uniform, but can be approximated by a linear func- 
tion of the temperature, it is easily possible to find an 
effective value of the coefficient which gives the correct 
heating surface if used with the temperature differences 
derived on the assumption of uniform U The procedure 
was developed by Colburn [9, 1933] for use with single- 
pass counterflow exchangers and, accordmg to Sieder and 
Tate [21, 1936], is substantially correct for multipass equip- 
ment In following this proc^ure it is necessary to deter- 
nune and Ui, Ati, the overall coefficients and 

temperature differences at the hot and cold ends respec- 
tiwly of the exchanger The rate of change of U with the 
temperature of the fluid being heated is then estimated 
according to the equation 

17 = 0(14- hO (9) 

A value is found for the function, C, 

<"» 

and by means of Fig 5 a value of Fis estimated This value 
multiplied by (ti— ti) and added to ti gives the temperature 
of the fluid bemg heated which may be used to calculate 
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FiCi 4 Correction factors, F, for use with logarithmic-mean temperature difference in countercurrent 
multipass heat exchangers having from 1 to 6 passes of the shell-side fluid and any even number of tube passes 
per shell pass, as shown in sketches below 


Tt - outlet temperature of shell-side fluid 
T, - inlet temperature of shell-side fluid 
ti — inlet temperature of tube-side fluid 
It outlet temperature of tube-side fluid 


R " 
True 


mean temperature difference 



■(Tt-lt)-(Tt- f,)] 

. J 


a value of U which can be used with the loganthnuc tem- 
perature difference, or one corrected as above for deviation 
from the countercurrent flow conditions 

C. Condensers 

The prmciples to be followed m the design of surface 
condensers are not different from those employed above 
Certain simplified methods can be employed, however, if, 
as is usually the case, water is employed as the cooling 
medium (If other materials, see above ) Smee condensing 
vapours are relatively clean, while water available for cool- 
ing may deposit solids, water is generally sent through the 
tubes of shell and tube condensers, or allowed to flow over 
the outside of S-bend coils — in either case to facilitate 
cleanmg the water side 

CbeflScicnts of heat transfer for heating of water flowing 
through tubes can be conveniently obtamed from Fig 6, 
which IS based upon equations of the type proposed by 
Hmton [IS, 1928] and on the data of Eagle and Ferguson 
[12, 1930] Table I will be of assistance m determming the 
actual water velocity from the weight of water required to 
effect the cooling, a velocity of between 3 and 5 ft per sec 
18 desirable If the water trickles over banks of pipes, an 
approxunabon for the water-film coefficient may be ob- 
tained from the data of Adams, Broughton, and Conn 
[1, 1936], which may be represented by the equation 

ha„-=aro” ( 11 ) 

For the pipe si2»s used the values of a were as follows 
D — 1 m 2 in 4 m 

a 88 7 72 7 47 7 

The equation may be used for values of T from about 2S0 
to 1,000 lb /(hr.) (ft length of uppermost pipe) If, as was 
the inactice m the early days of the petroleum mdustiy, 
the coolmg pipes are submerged m boxes contammg more 


or less quiescent water, the coefficient can be estimated 
from the equation [24, 1927] 



In any event, a dirt-film coefficient of not more than about 
500 should be included, and perhaps much less, depending 
upon the character of the water used and upon materials 
of construction 

In contrast with steam condensers, where the water side 
presents the controlling resistance to heat flow, m con- 
densers for organic substances the controllmg resistance 
may be that of the condensing vapour film, or more pre- 
cisely of the film of condensed vapour Coefficients for 
single pure vapours can be estimated from Nusselt’s theo- 
retical equations, as represented by the ahnement chart 
[6, 1933], Fig 7, or for vertical surfaces, with allowance for 
turbulence m the condensate film, by Fig 8 [8, 1934] 

Single pure vapours, however, are seldom encountered 
m the petroleum mdustiy Kirkbnde [16, 1933] recom- 
mends for petroleum fractions the use of the same equa- 
tions, employing the boilmg-pomt of the condensate under 
the prevailmg pressure as the condensing temperature Con- 
densing film coefficients observed by Ku-kbride, reported 
m this manner, vaned from about 175 to 360, with a maxi- 
mum deviauon from the theoreUcal values of 35% This 
procedure is doubtless satisfactoiy m arnving at an overall 
coefficient (m the absence of substantial amounts of non- 
condensmg gases), though it should be recognized that the 
composition of the condensate is not necessarily that m 
eqmlibnum with the hquid vapour (except at miiiiutestmal 
rates of condensation), also that the composition of the 
vapour, m practical cases, vanes as it travels through the 
condenser 

If the mixed vapours separate mto two layers on condens- 
mg, as m the very common case of condensing steam plus 
oil vapoun, the lesultmg coefficient is still more difficult 
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to predict. Kirkbnde [16, 1933] jKoposes to compute 
a weighted mean coefficient from the separate theoretical 
coefficients for the two components, weighted according to 
the amount of heat received per umt tune from each It 
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Fib S Plot of F vs A/, A/« 

F = factor which multiplied by temperature rise, t, — /„ and added 
to li gives temperature associated with heat transfer coefficient. U, 
based on logarithmic mean At 

At, = temperature difference at cold end 
Atii — temperature difference at hot end 

C - j';^“'j .wh«ret/-<i(ltM 

has been pointed out, however, that there is here a pos- 
sibility of dropwise condensation, dependent on suiface 
conditions, which may mvahdate tlus procedure [2, 1937] 
In the presence of non-condensing gas, very much lower 
effective coefficients are obtamed, due to the resistance of 
the gas film to diffusion of the vapour to the surface The 
design of a condenser on the basis of the theory and data 
for diifusional processes is straightforward, even if some- 
what tedious It IS necessary to equate, by trial and error, 
the equivalent heat transmitted to the condensate surface 
by sensible heat transfer and by the difiusmg vapour to 
t^t transmitted thence to the cooling water, m order to 
amve at the temperature of the condensate surface, for 
a number of pomts along the condenser When a number 
of such local values of heat transfer rate, UAt, for several 
values of the cumulative heat transferred, q, have been 
obtained, the necessary surface area is found by graphical 
integration of the equation 

dA = ^lUAt (13) 

An example has been worked out by Colburn and Hougen 
[10, 1934], in which diffusion rates are estimated from the 
curves given by Chilton and Colburn [S, 1934] Values of 
vapour diffusivities may be estimated by the method pro- 
posed by Gilhland [13, 1934] Some suggestions for work- 
ing out such cases may also be found m the paper by 
Kirkbride [16, 1933] 

This method, while the only one recommended as re- 
haUe, IS undoubtedly tedious Some figures may be secured 
as a guide to possible performance m petroleum condensers 
from Table II, taken from Higgins [14, 1936] 

While overall coefficients m condensing pure vapours 
are not much affected by vapour veloaty, effective coeffi- 
cients for mixtures with non-condensmg gases may be 


affected quite largely For this reason, if the mixture flows 
across the tubes, baffles should be used If the original 
mixture is mostly vapour, it may be desirable to use two 
units in series, the second of which is designed for high 
velocities with the much smaller throughput 

D. ReboOers 

Where vapours for distillation are supphed by means of 
mduect steam, a further class of heat-transfer equipment 
IS needed, often called reboilers, or sometimes calandrias 
Data arc not so well established for calculatmg this class 
of equipment as for those previously considered Overall 
coefficients, however, are relatively high They may range 
from 100 to 500 B Th U /(hr ) (sq ft ) (" F ), the low values 
bemg associated with boiling liquids of higher viscosity, and 
with lower temperature differences, than the high values 
It may be noted that liquids boiling under reduced 
pressure have high viscosities compared to the viscosity 
at the atmospheric pressure boiling-point, so that heat 
transfer coefficients for operation under vacuum will be 
low in comparison with those obtained at higher pressures, 
for the same temperature difference 
While higher temperature differences, up to, say, 50“ F 
overall, rapidly mcrease the heat transfer rate, it should be 
pomted out that too high a temperature difference, above. 
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ucT 

Fig 6 Coefficients for heating water inside tubes, the following 
units must be used 

h = wall-to-water coeff , B Th U /(sq ft ) (hr ) (° F ) O' " inside 
diam.oftube, inches u ~ linear velocity, ft /sec t„ ^ mean temp 
of water 

say, 100° F , will cause a decrease in the rate of heat trans- 
fer, on account of the formation of an i nsulatin g la;^ of 
vapour next to the hot surface [11, 1937] 

If arranged for natural circulation, a reboiler may take 
the form of a shell containmg a number of vertical tubes, 
of not too great length, perhaps not over 6 ft , and not too 
small a diameter, say not less than 1 m O D., with either 
an external return line of large cross-seebon or an ample 
mtemal downpipe A vapour disengaging volume desigiied 
to give 1 sec detoiuon of the vapours evolved may be 
found adequate. The co^Scients mentioned above will 
cover the practical range of values 
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Fig 8 Theoretical vapour-to-wall coefficients for condensation of vapours on vertical walls 
(sclf-consistent units) Do not use for nuxed vapours unless condensate is a single phase 
- vapour-to-wall coefficient. B Th U /{hr / (sq ft ) (° r ) 
r = maximum weight flow of condensate per unit periphery, lb /(hr ) (ft ) 

H » viscosity of condensate at him temp , lb /(hr) (ft ) 

P = density of condensate, lb /cu ft 

k -» thermal conductivity of condensate, B Th U /(sq ft ) (hr ) (’ F/ft ) 
ff - 418xl0“ft/(hr)(hr) 

Cf— specific heat of condensate, B Th U /Ob ) (“ F ) 


If arranged for forced circulation, the reboiler may be 
designed by the formulae given above under Heaters, smce 
under these conditions most of the heat is transferred as 
sensible heat, superheating the liquid, later to be removed 
by flashmg m a separator 

E. Petfonnance Data 

Table II, below, is taken from tests reported by Higgins 
[14, 1936] and may be used to funush a rough guide 


for checking design figures, where conditions are given 
which arc similar to the problem under consideration 
It must be recogmzed that conditions are seldom found 
to be identical, and that variations in viscosity of the 
oil, m cleanlmess of the surfaces, in the character of 
coolmg water, or m the proportion of non-condensable 
gas, may have such a preponderating influence that the 
figures given may be from two- to fivefold at variance or 
more 


Tabu U 

Tabulation of Shell and Tube Heat-Exchanger Tests Data of Higgins [14, 

I Stabilizer I Stabilizer ^ SlabUlur l 



Amount, lb per hr 
Velocity, ft per uc at 60° F 
Operating preuuia, lb per sq ii 
Temperature In, * F 
Temperature out, ° F 
Heat load. B Th U per hr 
Pressure drop, lb per sq in 


Temperature out, ° F 
Heat load, B Th U per hr 
Praeeure drop, lb per sq In 


i- 


I condenser 


2 210 
478 

n 16BWO 


1,372 

291 

n 14 DWG 


a gaso 13,290 
rs 6,020 
2,360 


2,000 

426 

|in 16BWO 


Data based on one exchanter, 


t Tube theeto matted with faatr and other debris. 
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Table n (cont) 





2222 


ENGINEERING AND CHEMICAL ENGINEERING AS APPLIED TO REFINING 

Table II (eont) 



I 42 7 API abs od 


1 kero 13 API n 


Nomenclature 
A - heat-transrer surface, sq ft 
C -= speciflc heat, B Th U /(lb ) (° F ) 

D -= diameter, ft 
D, outside tube diameter, ft 
Dt — inside diameter of shell 
F >= correcuon factor 

C «- mass (weight) velocity, lb /(hr ) (sq ft ) 

K — leakage factor, equation (8) (ft ) 

L — length, ft 
Lt baffle spacing, ft 
Ni - number of tubes 

U overall beat-transfer coefficient, B Th U /(hr ) (sq ft ) (° F ) 


W - flow rate, lb per hr 

g -- acceleration due to gravity, 4 1 8 x 10' ft /(hr ) (hr ) 
h — individual him heat-transfer coefficient, B Th U /(hr ) 
(sq ftX-F) 

k — thermal conductivity, B Th U /(hr ) (sq ft ) (“ F /ft ) 
q — heat load, B Th U per hr 
/ - temperature, “ F 
u velocity, ft per sec 
1 - flow per unit width, lb /(hr ) (ft ) 

Ar — temperature difference, ° F 
A latent heat, B Th U per lb 
H — viscosity lb /{hr ) (ft ), =- 2 42 x centipoises 
p - density, lb per cu ft 
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HEATERS 

By L A. MEKLER, B.A , BSc , A.SM.E. 
Combustion Engineer, Universal Od Products Company 


The earliest heaters for petroleum refimng consisted of 
cylindrical shells set over a firebox, with the lower portion 
of the cylinder absorbing heat from the flame, the refrao 
tones, and the products of combustion that swept the lower 
rear portion of the shell on their way to the stack Because 
of a large volume of oil per unit of hcat-absorbing surface 
and low velocities with which the surface was washed by 
the oil being heated, shell heaters were limited to low rates 
of heat input The permissible maximum was determined 
by the rate of free convection or convection induced by 
steam jets withm the body of the oil, which even with 
boiling fluids was too low to permit rates much in excess of 
3,000 B Th U per sq ft per hr without overheaung the 
oil in contact with the heated portion of the shell Coke 
deposition and burning out of still bottoms almost in- 
vanably followed attempts to force shell heaters much 
above these rates The addition of internal flues to shell 
heaters to simulate a fire-tube boiler materially improved 
their operation and increased their capacity However, 
shell heaters were primarily batch heaters, and continuous 
operation, which gradually displaced batch operation m the 
larger refineries, could be accomplished with them only by 
operating a battery of shell heaters in series, each shell 
operating at a sli^tly higher temperature than its pre- 
decessor in the senes With large-scale operation in some 
fields, such as California, batteries of shell heaters became 
too cumbersome 

Comparatively successful application of tubular heaters 
on a small scale for dehydration and refining of emulsified 
oils led to the gradual adoption of tubular heaters for 
general refining purposes and eventual substitution for 
shell heaters for large-scale refining operations 

The introduction of cracking, which called for heaters 
that could withstand higher pressures and higher metal 
temperatures than an externally heated shell, contributed 
greatly to the development of tubular heaters and definitely 
demonstrated their superiority over the shell type 

The earlier tubular heaters vaned little in their setting 
from shell heaters, the mam difference being that the shell 
was displaced by a bank of tubes placed over the firebox 
However, since a definite velocity was imparted to the oil 
by pumping it continuously through the tube bank and the 
ratio of heating surface to volume was greatly increased, 
average rates of 5,000-6,000 BThU persq ft per hr were 
obtamed without particular difiiculUes in the early tubular 
heaters m spite of the normally present zones of local owr- 
heating or ‘hot spots’ in some sections of the tubes directly 
over the fires with actual rates of 1 5,000-20,000 B Th U per 
sq ft per hr As the average rates of heat mput and the oil 
temperatures were mcreased, the hot spots became more 
pronounced and troubles were encountered with failure of 
tubes in these hot spots, particularly m heaters where 
countercurrent flow of oil and gases was intended 

The troubles were first attributed to radiation from the 
flames m the firebox, and a number of tubular heaters were 
built with the tube b^ separated from the firebox by solid 
or perforated walls to protect the tubes from this radiation 
Bemuse of more uniform heat distnbution, greater average 
rates of heat mput were obtamed m these heaters than m 


heaters where the tube bank was directly over the fires 
m the combustion chamber, but it was soon found that 
even with the bank shielded from the visible flames, the 
tubes first coming in contact with the invisible products 
of combustion became easily over-heated unless the gas 
temperature was reduced below a certain mimmum for 
the operation carried out 

The next step in the development of tubular heaters was 
the reducUon of the temperature of the gases entering the 
tube bank This was done in two different ways In the 
so-called ‘convection’ heaters where the heat was supplied 
by gases flowing over the tubes, the products of combustion 
were diluted first with excess air and later with returned or 
recirculated flue gases, to obtain the desired temperature 
of the gases entering the tube bank or the ‘heating cham- 
ber’ In other heaters ‘radiant’ tubes were installed m the 
combustion chamber to cool the products of combustion 
by absorbing radiant heat from the flame, the gases, and the 
refractories of the combustion chamber before the gases 
entered the ‘main’ or ‘convection’ bank of the heater, 
which was mtended to supply the major portion of the total 
heat, and which was usually separated by a bridge wall from 
the combustion chamber Particular care was taken in 
these heaters to place the ‘radiant’ tubes out of the path of 
the products of combustion To reduce the rates of heat 
input which could be absorbed by the relatively small num- 
ber of tubes used when subjected to the full radiation of the 
combustion chamber, the tubes were shielded from this radia- 
tion by surrounding either the tubes or the flames with refrac- 
tory enclosures, which cut these rates approximately m two 

High maintenance and operating costs of flue-gas recir- 
culating equipment and frequent failures of the enclosures 
around the tubes, together with the comparatively satis- 
factory operation of some open-flame ‘radiant’ heaters 
without flue-gas recirculation and without shieldmg 
either the tubes or the flame, led to the gradual abandon- 
ment of the flue-gas recirculatmg and the shielded ‘radiant 
tube’ heaters and their replacement by the open-flame 
type Improvement in heat generation and distribution 
and better understanding of the laws of radiant and 
convection heat transfer greatly contributed to the success 
of the open-flame heaters, and at the present time such 
heaters are built almost exclusively The proportion of 
radiant heat input has gradually increased from 25% of the 
total m the early heaters to as high as 80% of the total 
Consistently long runs with heat transfer rates of 20,000 
BThU per sq ft per hr of internal surface for the 
radiant banks and 15,000 B Th U per sq ft per hr for 
the total mtemal surface of the heater are not uncommon, 
even with oil temperatures over 950° F Since modem 
heaters supply from 60 to 80% of the total absorbed heat 
by radiation, their operation is determined primarily by 
tte rates of radiant heat transfer that can be obtamed and 
safely applied to the oil 

The rate of heat transfer by radiation is determined by 
the Stefan-Boltzmann law and can be expressed by the 
equation 
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where q is the heat absorbed by radiation, B Th U per hr , 
F, — coefficient depending on the relative emissivity 
of the radiating and heat-absorbing surfaces, 

F, = coefficient depending on the geometrical arrange- 
ment of the surfaces, 

A = equivalent effective heating surface, sq ft , 

7> — effective furnace temperature, ° Rankme, 

Tg — temperature of the heat-absorbing surface, 
“Rankme 

The laws of radiation and the evaluation of the various 
factors in this equation are dealt with in the article m this 
section. Principles of Heat Transfer, by Weir 
In this equation the heat-absorbing surface is theoreti- 
cally plane surface In practice, radiant heat-absorbmg 
surface is ordmarily formed of banks of metal tubes spaced 
at intervals with sometimes as many as four rows of 
tubes per bank, with the banks often at different angles to 
the radiating plane Such heat-absorbing surface can be ex- 
pressed in terms of equivalent effective heat-absorbmg sur- 
face by the use of coefficients which express the actual 
service conditions of the surface m terms of the theoretical 
Fig 1 shows Hottel’s curves [8, 1930] of relative effecUve- 
ness of tube banks with single and double rows of tubes 
placed on different centre-to-centre distances along a re- 



radiatmg non-conductive wall and irradiated from one side 
from a plane parallel with the wall If the area of the plane 
vduch nught be considered to replace the tube bank is sub- 
stituted for A m this equation, then the factor F, is the 
ordinate of Fig 1 The effectiveness of a bank with a single 
row of tubes placed on a centre-to-centre distance of two dia- 
meters (the most common spacmg) is 0 87 of a plane sur- 
face and each square foot of the circumfeiential area of 
the tube bank has an average dSTectiveness of or 

approximatdyOSS With two parallel rows of tubn spaced 


on the same centres, and arranged as shown m the diagram, 
the effectiveness of the bank is 0 98, but since the amount of 
circumferential area is double that of a single row, the 
average effectiveness of each square foot of arcumferential 
area is only 0 98 —ir or 0 31 It will be noticed that little is 
to be gamed by using more than two rows of roof tubes 
unless the spacmg is very much greater than the usual 2 to 3 
diameters 

Fig 2 shows Wohlenberg’s curve [18, 1926, 19, 1935] of 
relative radiant heat-absorbingcapacity of heaters as affected 
by the ratio of the effective heat-absorbmg (‘cold’) surface 
to the projected area of the furnace envelope (cold surface 
plus rcfractoiy wails) This ratio is denoted by 0 and is 
called the ‘cold fraction’ of the furnace envelope as illus- 
trated for a cube on Fig 3 With a given total liberation, a 
heater with the furnace envelope completely covered with 
cold surface - 1 0) will absorb by radiation the greatest 
proportion of the available radiant heat energy, which is 
unity on Fig 2 When ip is less than I 0 the total absorption 



Fio 2 Relative effectiveness of 
hedt-absorbmg surface as function 
of ‘cold fracbon' (Wohlenberg ) 


of radtabon is less but relative absorption per unit area is 
greater For instance, when — 1 0 the absorption per 
cold face of a cube is 1 0—6 == 0 166, and when ^ ^ the 

absorption for this one face is 0 67 
Fig 4 shows the relative effectiveness of circumferential 
surface of tube banks with smgle and double rows of tubes 
spaced on two diameters and placed m a cubical combus- 
tion chamber when the cold fraction is varied from 0 166 
to 1 0 The curves on this figure are derived from Figs. 1 
and 2 according to the equation 

E 

** n 

where Egg - the relative effectiveness of circumferential 
surface, 

fi — the relative effectiveness factor of circum- 
ferential area of tube banks, as derived from 
Fig 1 (0 55 for a smgle-row tube bank and 
0 31 for double-row tube banks), 
f, ^ the telauve heat-absorbmg capaaty of heaters 
for the cold fraction mvolv^ as shown on 
Fig 2, 

n = number of cold faces of the cube makmg up 
the cold fraction. 
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The values of relative effectiveness of tube banks and 
their circumferential area shown on Figs 1, 2, and 4 apply 
to banks irradiated from one side only and placed against 
a non-conductive wall which re-radiates to the bank all of 
the heat that passes between the tubes to this wall Under 
these conditions the effectiveness of the half of the circum- 
ferential area of the tubes facing the radiaUng plane (the 
exposed face) is many times that of the half receivmg heat 


TOP AND TOP BOTTOM 

TOP FACE BOTTOM AND TWO SIDES ALL SIDES 



Fig 3 Diagrammatic ilUistralion of ‘cold Traction 



COLD fraction V 


Flo 4 Relative effectiveness of 
circumterenlial surface as derived 
from Figs 1 and 2 

by re-radiation from the wall (the shielded face) For 
example, with a single row of tubes placed on a centre to 
centre distance of two diameters, the exposed face of the 
tubes has a relative effectiveness of 0 66, which is over 75% 
of the effecuveness of the total surface and three Umes the 
effectiveness of the shielded face With a bank havuig two 
rows of tubes on the same spacing, the exposed face of the 
first row has three times the effectiveness of the exposed face 
of the second row and sixteen times the effeebveness of the 
shielded face of the first row The average effectiveness of 
the total cucumferential area of the first row is almost twice 
the average effecUvencss of that of the second row 
With tubes irradiated from both sides, that is with the 
bank placed between two radiating planes, both halves of 
the arcumferential area of the tubes become ‘exposed' 
faces. With a smgle row of tubes irradiated on both sides 
and spaced on two diameters, the effectiveness of the bank 
IS double that of the exposed face of a bank irradiated on 
one side, or 1 32 of the plane surface, which is approxi- 
mately 52% greater than the effectiveness of a similar bank 
irradiated from one side only With two rows of tubes 
irradiated flora both sides, ea^ row has the same average 


effectiveness and the two rows have an effectiveness 
approximately 40% greater than two similar rows uradiated 
from one side only 

In actual furnaces banks irradiated from both sides 
form, as a general rule, a smaller cold fraction of the total 
furnace envelope, the relative effectiveness of a bank 
irradiated from both sides is therefore further increased 
because of the greater effectiveness of a bank with a lower 
cold fraction Fig 5 shows the relative effectiveness of cir- 
cumferential tube surface of single- and double-row tube 
banks as normally placed in the heaters using irradiation 
from one and two sides, the latter being marked ‘Equifiux’ 
m the figure The effectiveness of the circumferential area 
of tubes spaced on two diameters and placed in single rows 
along all six sides of a cube (cold fraction 1 0) is taken as 



irradiation from one and tuo sides (equiOux) 

unity in this comparison The effectiveness of banks irra- 
diated from one side is derived on the basis of banks placed 
in a combustion chamber 18 fl wide, 16 fl high, and 40 ft 
long (cold fraction approximately 0 5), while the effective- 
ness of tubes irradiated from both sides is derived on a 
basis of the banks placed in the middle of a combustion 
chamber 8 fl wide, 12 fl high, and 40 fl long (cold fraction 
approximately 0 35) 

Irradiauon from both sides not only mcrcases the 
effectiveness of single- and double-row banks, or makes 
both rows of a double-row bank of equal effectiveness, but 
tends to distribute the heat intensity around the cucum- 
ference of the tube more uniformly, so that for a given 
maximum rate of heat transfer to any portion of the cir- 
cumference higher average rates can be used, or with the 
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same average rates, the maximum rate will be considerably 
lower as shown qualitatively on Fig 6 
The effective furnace temperature T, is thcoreticaUy the 
logarithmic mean temperature of the furnace as it changes 
Irom the flame-burst temperature to the temperature of 
exit gases from the radiant hcat-absorbing diamber It is 
often referred to as the equilibrium temperature of the 
furnace Since the mean temperature is dilflcult to deter- 


RAOATINC PLANE 



t -l. l ,1 I, I I 

RAO ATING PLANE 


RAOIAT NC PLANE 


IRRADIAT ON TROM ONE S OE 


RRAO AT ON FROM BOTH S DES 


DIRECT RADIATION FROM PLANE 

RERADIAT ON FROM WALL 
— TOTAL RADIATION 
AVERAGE OVER TUBE SURFACE 

Fio 6 Flux distribution around tubes in a single row bank 
irradiated from one and two sides 



Temp ofheat absorbing surface 800° F 
Absorbed radiant heat per sq ft of equivalent effective surface, 
21000BThU 

Residual temp of gases, 1,SS0° F 


mine expenmentally and rather cumbersome to calculate 
accurately it is substituted m the Stefan-Boltzmann equa- 
tion by either the theoretical flame temperature or by the 
exit gas temperature, and the coefiicient Ft is chang^ to 
accommodate the temperature chosen 
Fig 7 is an alinement chart showing the relationship 
between the theoretical flame temperature, the temperature 



Fig 8 Combustion Lharacteristics of cracking still gas 

of the heat absorbing surface, the quantity of generated 
heat per square foot of effective surface per hour (diagonal 
dashed Ime) the quantity of heat absorbed by radiation 
for a given hberabon and theoreUcal flame temperature 
(horizontal dashed Ime), and the theoretical temperature of 
the gases leaving the radiant heat absorbmg chamber, if no 
convection heat is applied to the surface in the ch^ber 
(vertical dashed Ime) The curves are derived from the 
Stefan-Boltzmann equation and the following simple 
approximate relationship between the total availaWe heat, 
the heat absorbed by radiation, the theoretical flame 
temperature, and the exit gas temperatures — 

Qs- 

Qa 2i-520’ 

where Qo = the liberated heat above 60° F per sq ft of 
effective surface, 

Qk = the heat absorb^ by radiation per sq ft of 
effecuve surface, 

7^ = the theoretical flame-temperature, ° Rankme, 
— the effective furnace tenqierature, ° Ronkine. 
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Figs. 8 and 9 show the theoretical flame temperature 
obtained with different amounts of excess air and different 
air preheats when burning a representative cracking-still 
gas and cracked residue, and may be used with sufficient 
accuracy in<con)unction with Fig 7 for any cracked gas or 
cracked residue normally burned in refineries 
The residual heat in the products of combustion leavmg 
the radiant heat-absorbing chamber is recovered either m 
supplementary tube banks, commonly called convection 
sections, or m air preheaters With hi^ inlet oil tempera- 
tures both convection sections and air preheaters are often 
used, particularly at plants where fuel is sufficiently valuable 
to justify the installation of air preheaters 



Fig 9 Combusbon chBractenstics of cracked residuum 

The mechanism of heat transfer in the convection sections 
IS somewhat complex, in that with the average gas tempera- 
tures prevaihng m convection sections of modem oil 
heaters (1,300-1,800'' F inlet and 800-1,100“ F outlet) a 
porbon of the total heat suppbed to the convection bank 
IS by radiation from the gases, the amount depending on 
the gas temperature, the CO« and H,0 content of the gases, 
and the clearance between the tubes which determines the 
shape factor of the radiating gas layer. (See article on 
Principles of Heat Transfer, Weir, Table III ) Figs 10 
and 1 1 show the radiant heat absorption from products of 
combustion when burning gas and oil fuel, as m Figs 8 and 
9, with 50% excess air and clearances of 2 m between the 
tubes (shape factor approximately 2 8) 

The purely convecbon heat transfer can be expressed by 
the formula q « Tuh,, 


where q = heat transfer, B Th U per sq ft per hr , 

7^ = the mean log temperature diflTerence of the 
gases and the outside metal temperature, ° F , 
he — the coefficient of heat transfer, B Th U per 
sqft per hr per“F 

The determination of the value of h is also discussed 
in the article referred to above, but a simple formula 



Fio 10 Radiant heat absorpbon from products of combustion 
of cracking-hbll gas 

Example 

Gas Temperature, 1,600' F 
Surlace temperature, 800° F 
Clearance between tubes, 4 in 

Total radiation from CO, and H.0, 3,550 (at 1,600° F ), 550 (at 
800^ F ) - 3,000 BTh U persq ft 


proposed by Monrad [11, 1932] may be used to cover the 
present case, namely 

1 

■ £)t/J ’ 

where G = mass velocity of the gases, in min cross-sec- 
tion, lb persq ft per sec, 

T — temperature of the gases, “ Rankine, 

D — diameter of tubes, in 

Depending on the above factors, he varies m pracUce 
between 2 and 4 B Th U per sq ft per hr per degreeFahr , 
and usually represents 30-60% of the overall heat transfer 
m the conveetion section 

Modem petroleum heaters are, as a general rule, designed 
to meet defimte service requirements covering not only total 
heat load, thermal efiiciency, and performance of the 
heat-absorbing surface, but hrat distribution and the time- 
tonperature effect in the heater most suitable for the opera- 
tion and the chargmg stock mvolved The time-temperature 
efifect, which determines the degree of decomposition of the 
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material heated, is often the most important service require- 
ment and operaUng factor Petroleum heaters can be 
divided mto three roam groups, according to the amount 
of decomposiUon obtained 

1 Heaters used for heating only with little or no decom- 
position 

2 Heaters where m addition to the heating, substantially 
all of the decomposition desired for the refining pro- 
cess IS obtained in the heater 

3 Heaters where only partial decomposition is obtained 
in the heater, the remainder of the reaction being 
earned out m reaction chambers or soaking drums, 
usually not heated externally 

Heaters of the first group arc designed to obtain mim- 
mum time-temperature effect with the maximum tempera- 



ture employed, and are used for non-destructive distillation 
where no chemical change of the overhead and residual 
products is desired, such as topping, atmospheric or 
vacuum distillation, re-runmng, &c 
Heaters of the second group are designed to give maxi- 
mum time-temperature effect at the highest operatmg 
temperature employed, and are used with crackuig units 
for the lighter overhead stocks where no reaction chamber 
IS employed These heaters are usually so designed that tlw 
heating surface nearest the outlet from the heater is sub- 
jected to lower rates of heat mput than the rest of the tube 
bank so as to provide an externally heated reaction or 
‘soakmg* section in the heater, where veiy little or no 
increase m temperature is obtamed 
Heaters of the third group are the most difiScult to design, 
particularly for residual crackmg stocks which are highly 
sensitive to thermal treatment These heaters must be 


designed for a time-temperature effect that will permit 
the highest outlet temperatures, and consequently highest 
reaction chamber temperatures, to assure effective opera- 
tion of the chamber, without excessive decomposition and 
the resultant coke deposition in the heating coil itself 

With given cracking stocks, definite inlet and outlet 
pressures and temperatures, and definite quantities of 
material gomg through the heater, the time-temperature 
effect of a heater is closely related to its temperature curve 
or ‘heating curve', which is obtained by plottmg the tem- 
perature of oil against either the len^, the amount of 
hcatmg surface, or the volume of the coil Since the heating 
curve of a heater is determined by the rclaUonship between 
the heat requirements of the oil and the rates of heat 
transfer at any point of the coil, the type of heaung curve 
obtained m a heater is one of its mam characteristics 

As a general rule, the specific heat of hydrocarbons in- 
creases with temperature so that the sensible heat require- 
ments per degree temperature rise are increased as the oil 
travels through the coil When change of phase occurs 
during heating, the mcreasing sensible heat requirements 
are augmented by increasing amounts of latent heat of 
evaporation If decomposition occurs during heating, 
resulting m conversion predominantly into hghter fractions, 
as IS the case with crackmg, the heat requirements are 
further increased by the heat of reaction and the higher 
specific heat and latent heat of evaporation of the lighter 
constituents formed In some instances, the heat require- 
ments per degree temperature nse at the end of the coil are 
many times the requirements at the begmnmg of the coil, m 
which case, to obtam a umform temperature rise through- 
out, It IS necessary to apply at the end of the coil heat input 
rates many times the lates at the beginning of the coil 

Fig 12 shows the most conunon types of heating curves 
obtamed with different heat requirements and rates of 
beat mput through the coil While smooth beating curves 
are actually obtained in most heaters, the change of heat 
transfer rates may be quite abrupt from zone to zone, 
so that the actual heat mput rate curves of a heater may 
consist of a senes of steps rather than the smooth curves or 
straight lines on Fig 12 Heatmg curve 12 A is obtamed 
when the heat input mto the oil increases at a greater rate 
than the heat requirements of the oil as it passes through 
the coil Heating curve 12R is obtamed when the heat 
mput increases at the same rate as the heat requirement 
of the oil as it passes through the coil Heatmg curve 1 Z C 
15 obtamed with increasing heat requirements and uniform 
rates of heat transfer sufficiently high to maintain some 
temperature rise of the oil throu^ the coil Heatmg curve 
12f> IS obtamed with increasing heat requirements and 
decreasing rates of heat input The same type of heating 
curve may be obtamed wi^ uniform heat input rates and 
mcreasing heat requirements if these rates are sufficient to 
maintain a temperature rise of the oil only through the 
lower temperature range where the heat requirements are 
comparatively low 

The coils of most commercial heaters can be represented 
as a series of sections with one of the above heatmg curves 
A bare tube convection section with countercurrent flow of 
comparatively high-temperature gases and comparatively 
low-temperature oil normally has a heatmg curve as shown 
on 12 A, with higher oil temperatures, the heating curve 
may be as 12 A m the bottom section and as 12 R m the 
top secuon, with concurrent Sow of comparatively high 
temperature gases and high temperature ml, a heaung curve 
as shown on 12 D may be obtained. Radi^ sections with 
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substantially uniform rates of heat transfer normally have 
a heating curve as shown on 12 C 
In a heater where the oil passes first countercunently 
through a convection section and then through a radiant 
section with substanUally uniform and comparauvely high 
rates of heat input, a heatmg curve as shown on 12 £ is 
normally obtained This curve is a composite of curve 12 A 
for the convection section and curve 12 C for the radiant 
bank In many group 2 heaters where the temperature 
throu^ the soakmg section is maintained substantially 
constant and where the heat of reaction is the determining 



factor of the heat requirements a relationship of heat trans 
fer rates, heat requirements and heating curve as shown on 
12 Fmay be obtained particularly if the soakmg section is 
located in a convecuon secuon with concurrent flow of oil 
and gases, or in a separately fired combustion chamber 
with lower average rates of heat input toward the end of the 
soaking section 

A properly designed heater particularly a heater intended 
for group 2 or group 3 service is a heater where the relation- 
ship of heat transfer rates and heat requuements is such as 
to produce a heatmg curve that will give the tune tempera- 
ture effect most suitable for the service intended Failure 
to design a heater with this requirement m view may result 
in the heater being the limiting factor of the whole unit, 
which may have to be operated in a certain way to keep to 
a minimum troubles with the heater, such as local over- 
heatmg, coke deposition m certam sections of the cod 
because of poor tune-temperature lelauonship m the cod, 
low cmiveraion per pass &c The design of heaters to meet 
a specific tune-temperature relationship is a comparatively 
recent developtnent and the data for such design are as yet 
m o 


jealously guarded secrets of the organimUons engaged m 
this specialized work The discussion ofthe types of heaters 
commonly used in the petroleum industry has therefore 
to be limited to general pnnaples 
A number of typical furnace arrangements are shown 
below to illustrate the trend of development outlined above 





M 

!ii 

'■MBHlp 

iBHSI 

ill 




IB 

1 

9B 

ton 

99BSs 


ill' 

■ 




IHi 




LZinr'' 


1 




P 



BHUb 

Lujn 


y 

1 

^HHB" 
— i 



Fig 13 Flue gas recirculating furnace I oil inlet O oil outlet 


Fig 13 shows a type of flue gas recirculating heater 
where the recueulated gases are introduced through the 
bridge wall duectly from the tube chamber to the combus- 
tion chamber without auxiliary flues A number of small 
fans as shown, or steam mjector jets, are used for flue gas 
rearculation As a general rule, this type of heater was 
used for group 3 service, and with countercurrent flow 
of gases and the oil with recueulatmg ratios below 2, gave 
a heating curve as shown on 12 A By mcreasmg the 
recirculating rauo this heater can be operated to give 
heabng curves as shown on 12 B and 12 C, the latter oidy 
vnth high od outlet and comparatively low gas inlet tempera- 
ture and gas-recirculatmg ratios of the order of 4 1 
Fig 14 shows an early shielded radiant heat od heater m 
which a roof bank was installed to absorb sufficient heat 
from the gases to permit their use without recirculation for 
heatmg the ‘mam* or the convection bank ofthe heater To 
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Ro 14 Early shielded tube radiant heat oil-hcater /, oil inlet 
O, oil outlet C, outside cross-over B, burners 



Fia IS Early shielded flame radiant heat oil-heater 
/, oil inlet O, oil outlet C, outside cross-over 


comparatively high amounts of excess air (100 %) to reduce 
the temperature of the gases entermg the mam bank This 
heater was used for group 1 service and had a heatmg curve 
similar to that shown on Fig 12 C 
Fig IS shows another type of an early shielded radiant 



Fio 17 Updraught cylindrical heater Frac- 
tion cold, 0 83 Effectiveness of circumferential 
surface from Fig 4, 0 06 /, oil inlet O, oil 
outlet B, burner, P, air preheater 

heat oil-heater where carborundum muffles were placed 
around the flames to protect the comparatively small 
amount of radiant heat-absorbing surface from direct 
radiation The heater was intended for operation with low 
excess air to obtain high flame temperatures and the 


highest possible radiation through the carbo- 
rundum With the flow as shown, the heater 
I primarily used for group 2 service to give 

^ “ heating curve substantially as shown on 

Fig 12 F 

— Fig 16 shows an early open-flame radiant 

oil-heater with a much larger combustion 

o __ chamber than that of the heater shown on 

' r 14, and with approximately one-half of 

W the total tube bank located along the roof of 

Bj i the combustion chamber to permit the use of 

iJ B- radiant heating tubes and open flames 

iJ BBksSsR With two rows of tubes and the flow as shown, 

|~P i heater is used for group 1 and group 3 

HP i service A heating curve intermediate between 

Is i ‘ shown on 13 E and 13 F is normally 

Bw . ^ 1 obtained With the reversed flow through the 

a if “f two-row roof bank, that is, with the oil 

1 : n entering the second row and leaving through 

^ curve intermediate between 

1 ^ 12 C IS normally obtamed. With 

^ three or more rows of tubes in the roof bank 

Flo 16 Early open-flame heater with roof tubea only Fraction cold, 026 and with the ml entonno tiv Inomaf mw anil 
Etfectiveneas of drcumferentlal surface from Fig 4,016 /. oil Inlet. O. oil outlet 

B, burners leavmg from the highest row, this heater is 


protect the roof bank from the full radiation m the com- 
bustion chamber, the roof tubes were covered with ceramic 
endosures over the combusuon chamber, where radution 
was the most mtense, and with cast-uon enclosures over 


used for group 2 service and gives a heating 
curve approaching that shown on Fig. 12 F 
Fig 17 shows an updrau^t heater consistmg of a vertical 
cylindrical section with the tubes placed round the whole 
circumference of this section. The convection section when 


the mam bank. The heater was normally operated widi used u very small, and an alloy air preheater is usually 
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employed to reduce the temperature of the gases going to 
the stack. This heater is used primarily for group 3 service 
and gives a heating curve of the type shown on Fig 12 C 
The heaters shown on Figs 14 and 17 represent the com- 
plete range of proportions of radiant heat-absorbuig sur- 



/. oil inlet O, oil outlet C, outside ci 

face to total surface used varying from a cold fraction of 
less than one-sixth to five-sixths, with the relative effective- 
ness of the radiant heat-absorbing surface varying from 
0 35 to 0 06 The heater shown on Fig 14 had too little 
radiant heat-absorbing surface, so that shielding of the 
surface was required to protect these 
tubes from overheating The heater 
shown on Fig 17 has too much 
radiant heat-absorbing surface in 
proportion to the furnace envelope, 
with the result that the effectiveness 
of the surface is comparatively low 
Fig 18 shows a heater with 
approximately 50% of the total 
heat-absorbing surface located 
along the roof and the floor of the 
combustion chamber The tube 
banks in the combustion chamber 
form approximately two-fifths of 
the area of the furnace envelope 
With single rows of tubes used in 
the combustion chamber, the 
optimum effectiveness of the cir- 
cumferential area is obtained As a 
general rule, the floor tubes of the 
heater are the tubes of the highest 
rates of heat mput, and with the 
flow as shown a heating curve 
mtermediate between 12 Rand 12 C 
IS normally obtained This type of 
heater is used on cracking units for group 3 service, particu- 
larly when processing heavy residual oils 
This heater can be operated to obtain a limited control 
of the heatmg curve by changuig the character of the 
flame and therefore their relative rates of heat input into 
the convection secuon, the roof tubes, and the floor tubes 
of the heater. The burners fire through three«ompartment 
firing tunnels, of which the centre tunnel F a the firing 
tunnel proper and the upper and lower tunneb A and B are 
for admisaon of secondary air to the fuel after its igmtion 


in tunnel F With all the air passmg through compartment 
Fas primary au-, and short non-lummous flames, the rates 
of heat input into the floor tubes and the roof tubes near 
the firing wall are proportionally lower, and the rates of 
heat mput mto the convection section and the roof tubes 
over the bridge wall and near the back wall of the heater 
are proportionally higher than if only a portion of the au* 
IS sent through compartment Fand the rest of the air used 
as secondary air through compartments A and B to produce 
lummous flames By restricting the flow of air through 
compartment F and admittmg a large portion of the air 
through compartment A, semi-lummous flames with a 
hotter face toward the floor tubes is obtained This 
increases the rates of heat mput into these floor tubes By 
restricting the pnmary air m compartment Fand admitting 
all of the secondary air through compartment B, semi- 
luminous or lummous flames with a hotter face toward the 
roof tubes are obtained, which increases the rates of heat 
mput mto these tubes In this manner the heatmg curve 
for the complete coil can be varied from that as shown on 
12 £ to a composite of heatmg curve 12 A for the convec- 
tion secUon and heatmg curves 12 R or 12 C for either the 
floor or the roof tubes 

Fig 19 shows schematically one type of a multi-cell 
‘Equiflux’ heater, m which each radiant heat-absorbing 
tube bank is heated from both sides, and a common con- 
vection section IS used to cool the gases from the cells and 
preheat the oil entering the cells As many cells as the pro- 
cess requires may be used m the same manner or with sepa- 
rate convection sections for each cell As the heat-absorbing 
surface in the cells is irradiated from both sides it has a 



much greater average effectiveness for a given maximum 
mtensity on any portion of the tube circumference than can 
be obtamed m any of the heaters previously desenbed 
(see Fig 6) As a general rule, the cold fraction of the tube 
bank in this type of heater vanes from 0 24 to 0 35, which 
further increases the effectiveness of the surface used 
The multi-cell arrangement permits a wide variation in 
the heaUng curves by altenng the connexions between 
tubes in each tube-bank and between the diflerent cells, by 
regulating the firing on each side of each tube-bank, and 
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of course adjusting the relative heat input to the different 
cells 

For instance, instead of connecting the tubes in a tube- 
bank all in senes, cnss-cross fashion, the oil may be 
arranged to pass first through one-half of the vertical bank 
and then m senes through the other half, the heatmg curve 
can then be changed from 12 B to 12 X> by regulatmg 
the heatmg on each side For large throughputs the oil 
can be made to pass through the two halves of each 
tube-bank unparallel and any desired heating curve ob- 
tamed by suitably finng the difierent cells connected m 
senes 


Die general design of petroleum refining equipment is 
toward larger, more efiicient units that are responsive to 
accurate control of operating conditions, and that are 
sufBciently flexible to meet a comparatively wide range of 
these conditions to take care of the possible changes m 
stocks processed and final products desired With the 
constantly increasing demand for petroleum products that 
have to meet ngid specifications, and with these specifica- 
tions changmg rapidly, inflexible petroleum refimng equip- 
ment may become obsolete and may require rebuildmg or 
replacement long before it shows appreciable signs of wear 
and tear 
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HEAT TRANSFER THROUGH INSULATION 

By EDGAR C RACK, BS , A.S.M.E. 

Consulting Engineer, Johns-Manville Corporation 


The fundamental laws of heat transfer by conduction, con- 
vection, and radiation arc discussed in the article ‘ Principles 
of Heat Transfer’, the flow of heat through msulaUon is 
therefore treated as a specialized apphcation of these pnn- 
aples to the particular conditions m this field Further- 
more, smce nearly all operations in the petroleum industry 
are now carried out by conUnuous processes, only steady 
state conditions will be considered in which the tempera- 
tures are steady throughout the system 
One important feature m nearly all cases of heat transfer 
through insulation is that the whole of the temperature 
drop between the lagged surface and the outside air does 
not occur in the body of the lagging itself as there are other 
thermal resistances in the path of the flow of heat The 
most obvious of these is the thermal resistance at the 
external surface of the msulation There may also be a 
correspondmg resistance caused by the poor mechanical 
contact between the inner surface of the insulation and the 
surface of the lagged body 

Problems of this type are therefore clearly best treated 
as heat flow through thermal resistances in series according 
to the equation (equation (6) in the article referred to 

, - (»-»•) . ,1, 
^ R,+Rt+R3+ -rRu ’ 

where q = rate of heat flow, B Th U per hr 

{6—6') — overall temperature difference, " F , 
■Ri. -Rji Hi, , -- thermal resistances (in series) 

It may be of assistance to mention that there is an exact 
analogy to this equation to be found in Ohm’s law which 
states that the current m a circuit consisUng of a number 
of resistances connected in series is equal to the total 
potential difierence divided by the sum of all the resistances 
in series 

These thermal resistances may be regarded either as the 
resistance to heat flow of a given thickness A* (fit) of 
material of thermal conductivity A: (B Th U /sq ft hr ° F 
for 1 ft thickness) having an area at right angles to the 
duection of heat flow A (sq ft ), that is. 


or as the resistance to heat flow at a surface of separation 
of two media having a known coefficient of heat transfer h 
(B Th U / sq ft hr °F ), m which case 


The most general case normally met with in msulation 
problems is that represented by two surface resistances, 
one at each face of the insulation, and the msulation itself 
being made up of a number of layers of difieient con- 
ducuvity In this case equation (1) may be written 

Ah^ Aikx^ Atkt'^ ^ Ankn A'h' 


where 6 and 6' are the temperatures of the media on each 
side of a composite wall of insulation of total thickness 
(A,-t-A.+ -t-A.) 

Linear Flow between ParaUel Planes 

The apphcation of this equation to the case of a large 
plane surface covered with insulation of uniform thickness 
presents no difficulties because here the area through which 
the heat flows is constant, i e 


We can therefore divide both sides of equation (4) by ^4 to 
obtam a new equation m terms of qjA, the rate of heat 
flow per imit area which we will denote by G (B Th U / sq 
ft hr) 

n (g-gP «v 

^ I A, A. A, 1 

The terms m the denominator are now thermal resistances 
for unit area of path In this case Aj, A|, , A„, the thick- 
nesses of the various layers of msulatmg material, and 
ki, kt, , k„, their thermal conductivities, must be known 
The heat transfer coefficient at inner and outer surfaces, 
h and h\ must also be evaluated as explamed later The 
heat loss per unit area can then be calculated from the 
known overall temperature difierence or vice versa 
If there are other surface resistances such as might occur 
due to an air space between two layers of insulation, these 
can be allowed for by adding another term 1/A' to the 
denommator 

Radial Flow between Concentric Cylinders 
The other case of great practical importance is the radial 
flow of heat from a cyhndrical surface such as a steam pipe 
through a layer of msulation of uniform thickness In this 
case the apphcation of equaUon (4) is not quite so simple 
because the area through which the heat actually flows is 
no longer constant It is, however, convenient m practice 
to calculate the heat flow through all the various layers m 
terms of heat loss per unit area of one particular surface, 
and the outer surface of the pipe insulation is chosen for 
this purpose because this is the surface at which there is 
a surface resistance which should always be taken mto 
account 

The rate of heat transfer through a smgle layer of 
tylmdncal msulaUon per umt area of outer surface may be 
wntten m the form (see equaUon (1 1) m ‘Prmciples of Heat 
Transfer’) ,o a \ 

(S 


6i and 6, = temperature of inner and outer surfaces re- 
spectively, 

ri and r« — inner and outer radu lespecUvely 
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If this layer is regarded as one of the intermediate layers 
of a composite pipe covering which has an outer radius 
the heat flow must then be expressed m terms of a rate of 
heat flow per umt area of this outer surface as follows 

Inr’l ^ r.log/rj/r,)' ' * 

k 

It will be noted that the expression r«log,(ra/ri) occupies 
the same position m equation (7) as the thickness terms 
Xi, Xi, &c , occupy m equation (S) It has the dimensions 
of a length, and, m fact, this loganthmic term is frequmtly 
referred to for convenience as the ‘eqmvalent thickness' 
It IS numerically equal to the thickness of material on a flat 
surface which would be required to give the same rate of 
heat transfer per square foot as that passmg through the 
outer surface of the cylmdrical surface of the insulation on 
the pipe 

Tlie resistance of the cyhndncal layer of insulation be- 
tween ri and /■» per unit area of outer surface will there- 
fore be seen to be equal to rnlog,(r,/ri)/A; 

The coefSaent of heat transfer A' at the outer surface 
can clearly be used without modification as a surface 
resistance 1/A' 

The surface resistance at the i/iner surface may also be 
qmte simply expressed m terms of the rate of heat flow per 
umt area of outer surface It is easy to see that the effective 
value of this resistance is increased m the ratio of the outer 
to the inner radii We must therefore write (rn/r)x(l/A) 
in place of 1/A 

The equation for a composite pipe covermg consistmg 
of a senes of t^lmdrical layers of msulation of uniform 
thickness, with a surface resistance at the inner and outer 
surfaces, can now be wntten down m terms of the rate of 
heat flow per unit area of outer surface as follows 

where Q' = rate of heat flow per umt area of outer 

surface, 

6 and O' = temperatures of inner and outer media 
respectively, 

A and X = heat transfer coeflSaents at inner and 
outer surfaces respecUvely, 
r and tn = inner and outer radu resp^ively, 
fi, ft, I fn = outer radu of successive layers of m- 
sulation, 

ki, kt, , kn = conductivities of successive layers cor- 
responding to above, 
le ki = conductivity of layer r to r^, 

kn — conductivity of layer rn.i to rn 
The similarity between equations (8) and (3) is apparent 
when It IS remembered that the expressions rnloe»(rJr},&c , 
take the place of the thicknesses A\, &c , in equation (5) 
Thus wntmg = r» log^ri/r), 

Xt = r,log,(r,/r,), 

Xn = r«loge(r,/r,.i), 
equation (8) becomes 



The rate of heat flow per umt area of the inner surface 
(the pipe surface) can be sunply calculated, if required, by 
muluplymg Q' by the ratio of the outer to the umer radius 
thus 

e = ^xG' (9) 

The logarithmic terms m equation (8) are evaluated m the 
usual way from ordinary log tables usmg the idenbty 
logjLrJr) = 2 301 logairJr) 

The application of equation (5) may be illustrated by 
means of a composite wall consistmg of two layers with 
two surface resistances, as shown m Fig 1, and may be 
expressed as follows 



Fit. 1 


If 0, O', Xi, A', are known and A, A', kx, kt can be estimated, 
It IS possible to calculate the intermediate temperatures 
On, Ox, Ot by simple propoition Thus, working from the 
outside inwards, we have 


or 

(lift) 

and similarly for Of which is, however, more simply cal* 
ciliated from the inside temperature 0 thus. 


Alternatively, it may be sunpler to calculate Q from 
equation (5) and then substitute successivdiy m equa* 
tion (10). 
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Calcnlatioo of Ijiteniiediate Temperatures 
It IS necessary to know the temperatures at mteimediate 
pomts m a composite layer of insulation for two reasons 
Firstly, because the thermal conductivity of all insulatmg 
materials vanes with the temperature and the mean con- 
ductivity of the material must therefore be known m order 
to calculate the heat loss Secondly, there is usually a fairly 
defimte limit to the temperature at which any particular 
msulating material can be used, and as the high-tempera- 
ture materials are the most expensive they are limited m 
practice to that fraction of the total thickness of msulation 
m which the temperature exceeds the safe temperature of 
the cheaper low-temperature matenal 
In the cases under consideration there is the same rate 
of heat flow through each of the elements of construction of 
the composite insulation mcluding the surface resistance 
The temperature drop across any mdividual element is 
therefore obviously proportional to its resistance 
This simple method of calculating the mteimediate tem- 
peratures assumes that the appropriate values for h, h\ ki, 
and Ar, are known beforehand As, unfortunately, these 
coefflcients themselves depend to a considerable extent on 
the temperature they cannot be evaluated until the tem- 
peratures are known However, it is found in practice that 
if tables or curves are available giving the values of these 
coefficients over the range of temperature required, it is 
a simple matter to amve at the correct solution to any 
problem by successive approximations 
It must always be remembered in this connexion that m 
all practical calculations of thermal insulation there are 
usually several factors which cannot be evaluated exactly, 
so that, even if the thermal conductivity for the materials 
were accurately known, the calculation cannot be expected 
to be very exact For instance, it is impossible m practice 
to obtam perfect contact between surfaces, and therefore 
a slight difiference in temperature between surfaces nomi- 
nally in contact will always occur Unless a defimte air 
space IS formed between the layers of insulaUon, the contact 
resistance cannot be properly allowed for and has to be 
neglected The surface resistance at the external face of 
the msulabon depends on vanous factors, as will be seen 
later, such as wind or draughts, surface emissivity, &c , and 
the effective temperature of the external medium d' may be 
difficult to estimate, due, for instance, to the presence of 
hot radiating surfaces, sunshine, &c 


true mean conductivity is equal to the conductivity at 
the arithmetic mean of the upper and lower hnuts of tem- 
perature. 

Surface Resistance 

Thermal insulation is apphed m a great variety of cir- 
cumstances m the petroleum mdustry, but there is nearly 
always one surface resistance to be taken into account, 
namely, at the outside surface of the insulation m contact 
with the air, as. for instance, with lagged steam pipes or 
fracbonatmg towers In such cases, with the msulaUon 
fitting closely to the metal wall, this is the only surface 
resistance which need be considered because the tempera- 
tures of the metal walls are known 
In other cases, such as the msulatmg walls of a cold-room 
or a duct carrymg preheated air to a furnace, there is a 
similar surface resistance on the inside to be allowed for 
in calculating the transfer of heat from the air on one side 
of the msulation to the air on the other side 
It will, of course, be realized that with properly designed 
laggmg the surface resistance is only a mmor factor m 
determuung the heat flow, and m such cases only an 
approximate calculation is necessary On the other hand, 
the surface resistance is obviously the most important 
factor m controlhng the temperature of the surface of the 
lagging, and this is of importance m the lagging of pipes 
carrying cold brme when condensation of dew from the 
atmosphere is to be avoided [5, 1936] 

In tlus article only the usual case of heat transfer from 
a surface m contact with air will be considered Reference 
must be made to the article on the ‘Pnnciples of Heat 
Transfer’ for methods of calculatmg the heat transfer 
coefficient in other circumstances and also for the prm- 
ciples underlying the radiation and convection of heat 
from solid surfaces which together determme the surface 
resistance 

The heat transfer coefficient due to radiation h, must be 
determmed mdependently of that due to convection h, as 
shown below liie surface resistance for umt area is then 
given by l/(Ar+Ac) 

Radiation Effect 

Heat transfer by radiation is defined by the Stefan- 
Bolzman law, but for the present purpose it is reqmred m 
terms of a heat transfer coefiScient h as follows for British 


Mean Conductivity 

As already mentioned, the thermal conductivity of m- 
sulating matenals varies with the temperature As a first 
step m any calculation the approximate temperatures of 
the materials are first guessed at and the conespondmg 
thermal conductivities read from the tables or curves for 
the matenal. These conductivities are then used to cal- 
culate the temperatures m the lagging m order to choose 
the correct value for the conductivities 

At this pomt we must decide what the correct con- 
ducUvity is for use m the equabons given above when there 
IS a substanbal difference m temperature between the two 
ndes of any parbcular layer It is shown m the article on 
’Ptinciples of Heat Transfer’ that the correct value m all 
sodi cases is the true mean value obtained by mtegrating 
the conducbvity over the range of temperature However, 
in nearly all practical cases the conducbvity can be taken 
to be a linear funebon of the temperature, at least over the 
range of temperature under discussion, m which case the 


hr^- 


( 12 ) 


where h, = heat transfer cocfiiaent(B Th U /sq ft hr “F.), 
Ti = temperature of radiabng surface (° Rankine), 
r, = temperature of surroundmgs (° Rankme), 

Fe = emissivity factor, 

F, == factor of geometrical arrangement 


The factor F, depends on the emissivities of the surfaces and 
the geometrical arrangement and vanes between Ci, when 
the radiabng body is small compared with the distance 
to the surroundmgs, and 


ei 


1 



when the distance is small compared with the radiabng 
surfaces ei and e^, bemg the emissivibes of the radiatmg 
surface and the surroundmgs reqiecbvely 
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The fhctor F, is equal to 1 0 when, as m the present 
instance, a complete body as distinct from elements of two 
radiatmg surfaces is considered 

The emissivity of particular surfaces can be obtained 
from tables of this property, but it will be found that, apart 
from pohshed metallic surfaces, ordmary materials such as 
brick, wood, concrete, plaster, as well as all non*metallic 
pamts irrespective of colour, have emissivities diffenng 
little from 0 90 to 0 95 The factor Ft will then vary be- 
tween 0 95 and 0 81, and the value 0 90 may be used with 
sufficient accuracy m most cases 

The value of hr calculated by equation (12), usmg a value 
of Fix Pi = 1 0, is shown as a family of curves in Fig 2 
to save calculation, in which and 6^ indicate the tem- 
peratures m ° F corresponding to the absolute tempera- 
tures Ti and T, in ° Rankine 



Convection Effect 

The heat loss by natural convecuon from large surfaces 
IS proportional to the live-fourths power of the temperature 
difference, and therefore the heat transfer coefficient is pro- 
portional to the one-fourth power For large vertical sur- 
faces It IS given with reasonable accuracy in British units 

(, 3 , 

where he — heat transfer coefficient (B Th U / sq ft hr 'F ), 
6, — temperature of surface (° F ), 

6a = temperature of air (° F ) 

For horizontal surfaces facing upwards and hotter than 
the air or facing downwards and colder than the air the 
values given by equation (13) should be increased by 
30%, and for horizontal surfaces facing upwards and 
colder than the air or facmg downwards and hotter than 
the air the values should be decreased by about 30% 
[11, 1935] 

For a hot ceiling or a cold floor the conveebon should 
theorebcally be zero, but owmg to conveebon currents 
from the walls and other sources of disturbance a good 


value to use appears to be about 35% of that given by 
cquabon (13) 

For horizontal and vertical cylmdncal surfaces the co- 
efficient increases considerably as the diameter is decreased 
below about 2 ft , and the factor for use m equation (13) in 
place of 0 28 IS shown in Fig 3 



Ho 3 


For short vertical surfaces the coefficient is also greater 
than for tall The percentage increase m the coefficient for 
vertical cylinders shorter than 2 ft is shown m Fig 4 



Fio 4 


The effect of comparatively small air veloabes past a 
surface is to increase the heat transfer coefficient at the sur- 
face very greatly 

For the purpose of calculabng the heat transfer coeffi- 
cient for air velocities up to 1,000 ft per mmute the fol- 
lowmg equation is recommended 

he, = (1 -(W-l-O-OOSBF)*,, (14o) 
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and above 2,000 ft per minute, 

A„-(0022K'"«)Ae, 04&) 

where 

ha, = heat transfer coefficient for veloaty I' (B Th U / 
sq ft hr “F), 

he — heat transfer coefficient by equaUon (13) (B Th U / 
sq ft hr °F), 

V = air veloaty in ft per minute 
The curves in Fig 5 show the combined heat transfer 
coefficient due to radiation and convection for flat verUcal 
surfaces by means of the above equations for a range of 
surface temperatures and air velocities, assuming an emis- 
sivity factor of 0 90 and a temperature of 80° F for the 
air and surroundings 



Fio 5 


The above discussion as to effect of adjacent air move- 
ment on losses through insulation is based on flow of air 
over the surface of the insulation, and only applies to cases 
where the insulation is tightly scaled If the condition of 
the msulation is such that the air may circulate through 
cracks and crevices m the insulation, the mcreases may be 
far greater than those given above Therefore, it is essential 
that all msuldtion be sealed as tightly as possible this is 
particularly true of insulation located out of doors 

Economical Thickness of Insulation 
The engmeer is frequently called upon to determme what 
thickness of msulation will give the most economical results 
under specifled conditions of service It is apparent that 
beyond the hmits of a certam thickness, the saving which 
will result for added mcrements of insulation will be m- 
sufiScient to justify the additional cost The followmg 
rational method for amving at the optimum thickness of 
material for use has been discussed m detail by McMillan 
(8, 1926] 

The solution of a problem m the economics of insulation 
thickness mvolves the followmg controlhng factors, each 
of which must be first definitely detemuned 
1. HonnirfOpenitionperYearCy) When the equipment 
will not be m operation for the entire year, the actual 
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number of hours per year that heat energy is supplied 
should be used 

2. Temperature Difference (9i—&a) is the temperature 
of the warmer surface to which the insulation will be 
applied and 6a the temperature of the air surrounding the 
equipment The solution is not dependent upon the heat 
loss from the umnsulated equipment, but it does assume 
that 0i remains constant with varying amounts of insulation 
in place This condition is met exactly m some cases, such 
as for saturated vapour hues. For some other conditions, 
as m temperature-controlled furnaces, constancy of 0^ is 
closely obtamed 

3 Cost of Heat (M) This factor will necessarily vary 
with the type of fuel burned, location of plant or eqmp- 
ment, &c The actual value of heat at the point where 
insulation is to be apphed should be used, expressed in 
dollars per million available B Th U 

4. Conductivity of Insulation (k) The actual value of this 
factor IS necessarily dependent upon the mean temperature 
of a material of unknown thickness The inner surface 
temperature 0^ will be known, and it is, therefore, necessary 
to assume a value for the mean temperature from which 
a determination of k is made by reference to curves or 
tables This assumed value can be readily checked after 
solution of the problem However, it is seldom found 
necessary to make a second determination, unless the 
conductivity of the material increases very rapidly with 
temperature 

5. Cost of Insulation (c) This factor is the cost of the 
material plus its application costs, expressed in dollars per 
square foot per mch of thickness It should be remembered 
that the total applied cost for a greater thickness is less 
than would be expected from the list prices of the thicker 
insulation However, if it is assumed that the applied cost 
IS directly proportional to thickness, this assumption should 
not afiect the precision of the final result to such an extent 
as to require a second determination The thickness chosen 
for use will naturally be the commercially available thick- 
ness nearest that determined 

6 Percent Annual Fixed Charges (d) This factor mcludes 
the return desired on the investment, depreciation, in- 
surance, &c Hence it is the total annual fixed charges as 
applied against the total apphed cost of the insulation 
expressed as a percentage 

7 Thermal Resistance of Unuisulated Structure (R) This 
factor IS the sum of the resistances of all other elements 
m the construction, including any surface resistances 

As the thickness of msulation applied to a piece of equip- 
ment or to a construaion is mcreased, the cost of the heat 
lost per year is decreased, but the annual cost of insulation 
(first cost multiphed by per cent fixed charges) is mcreased 
Therefore, the thickness at which the sum of these two 
costs IS a mmimum is obviously the most economical or 
the optimum thickness Where only one material is desired 
for application to a flat surface, this thickness may be deter- 
mined from the equation 

m which L is the optimum thickness, k is the conductivity, 
b is the annual cost of msulation per mch of thickness 
(b - cd), R IS the combined thermal resistance of all other 
elements m the construction, and the factor 

a = lO-*y(0i-6«)Af, (16) 

m which the terms have been defined above Table I gives 
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values of a for various temperature differences and vanous 
values of heat The value of Y is taken as 8,760, i e one 
full working year 

Tabue I 
Values of a 



Composite Insulation 

It is frequently necessary to apply more than one type 
of material to the hot surface of equipment In such cases 
the outer layer of material has high insulation efficiency, 
but Its use IS limited by the temperature at which physic^ 
or chenucal alterations may occur Hence an mner layer 
of a more refractory material is first applied, which can 
withstand the higher temperatures, but which may have 
lower insulaUon efficiency This case has been analysed by 
Patton [9, 1932], who gives the followmg rational method 
of solution 

The problem consists m first applymg an inner layer of 
material of such thickness that its outside surface will be 
at a temperature sufficiently low for safe apphcation of the 
outer layer of matenal, and second in making the selection 
of the optimum thickness of each matenal commensurate 
with the first condition It is obvious that the outer layer 
of the more efficient material should be applied as soon as 
the outer surface temperature of the inner layer will permit 
The solution of this problem then requues the followmg 
data additional to those outlmed above 

1. Temperature between Layers (0i) is the temperature 

at which It will be safe to apply the outer layer of matenal 
This temperature will not be more than the temperature at 
which physical or chemical alteration of the outer layer will 
occur Tlie temperature drop through the inner layer of 
matenal will then be while (^i— ^o) will represent 

the difference m temperature between that of the mner sur- 
face of the outer matenal and that of the surroundmg air 

2. Conductivities of Materials (A;i and ki) TheconducU- 
vity of the inner and outer layers of matenal at their mean 
temperatures under the conditions of operation are kx and 
kt respectively 

3. Costs of Materials (ci and Cj) The total applied costs, 
as above, per inch of thickness for the inner and outer 
layers of matenal are represented by Cx and e, respectively 

The optunum thickness of the outer layer of matenal 
apphed to a flat surface can be expressed as 

(17) 

The optimum thickness of the inner layer of the more 
highly refractory material may then be determmed by the 

lr(6-e\ 

In the case of pipe surfaces McMillan [8, 1926] states 
that the equation for econoimcal thickness is not quite so 


simple, yet that it is by no means as formidable as it appears 
at tot sight For one matenal, the cost of whidi may be 
expressed by the equation 

Cost per hnear foot =- (r,— ri)+(a constant), (19) 

All terms m these equations have previously been defined 
except Rt which is surface resistance = 1/A 

The so-called ‘Standard List Prices’ of sectional pipe 
msulation are m reasonably close agreement with equation 
(19) for thicknesses greater than 1 m Prices of natural 
cork, rock cork, hair felt, mmeral and rock-wool pipe 
covenngs do not agree with ‘Standard List’, and therefore 
these cquaUons, (19), (20), and (21), do not apply to these 
materials 

Recogmzing that the first term within the parentheses is 
equivalent thickness, the close similanty to equation (IS) 
IS at once apparent, since equation (15) may be vmtten for 
one material 

L = 

Before proceeding with the solution of equation (20), the 
equation for economical thickness of the outer layer of 
msulation over one or more layers of matenals having 
different conducUvities will be written, since the same 
charts may be used for the solution of equations mvolvmg 
all such combinations This equation, given below, is 
wntten for a combination of two matenals, but for more 
than two the equation is of exactly the same form The 
only difference will be the addition of other terms like the 
second term inside the brackets and the substitution of 
appropnate values of r where r, appears in the equation 

( 21 ) 

In this equation all terms have been previously defined 

The solution of equation (21) for 16-m pipe is illustrated 
m Fig 6, a, k, and b are estabhshed by the conditions of 
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the probtem. Knowing the value o{<J(,ak/b) the econonucal 
thickness may be read directly from the chart. For ex- 
ample, if •jUJclb) => 4-0, and if no surface resistance is to 
be considered, the economical thickness is 3 03 in If 
Ri A: 0 3 m, the economical thickness IS 2 80 m Ifthere 
IS a first layer of material 1 m thick, and if the conductivity 
of that layer is 2 0 tunes that of the second layer (and 
Rtk — 0 3), the economical thickness of the second layer 
IS 2 38 m For mtermediate values mterpolabons may be 
made Naturally the thickness chosen would be the 
commercially available thickness nearest the thickness 
found on the chart 

The solution is graphical, it is true, and it may be asked 
why not, then, make a graphical solution m the first place 
by plottmg the sum of the losses per year and costs per 
year for a number of thicknesses and takmg the low point 
as the economical thickness'' The answer is, that each 
solution by that or other equivalent methods requires a 
number of calculaUons, the plotting of a curve, and the 
location of the minimum point or the pomt where tangents 
are parallel, all of which is tedious, and the last step of 
which IS likely to be highly inaccurate, while the solution 
described above requires but a few moments once the 
charts have been prepared 

The chart illustrated in Fig 7 is applicable to the instant 
solution of most problems where a smgle matenal is 
mvolved It is based on R$k== 0 3 in , which is fairly 
representative of good insulating materials under average 
still-air conditions Even if R,A: for the given case differs 
considerably from the value of 0 3 m , the change m econo- 
mical thickness will usually be so small as to be practically 
ncghgible However, if somewhat greater accuracy is re- 
qiured, correction may be made by addmg to the thickness 
given by the chart the amount m mches by which Jtfk is 
less than 03 m or subtracting from the thickness the 
amount by which R,k exceeds 03 m Where absolute 


accuracy is required, and where combinations of materials 
are mvolved, it is necessary to use a chart such as Fig 6 
for each pipe size 
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INSULATION OF OIL INDUSTRY EQUIPMENT 

By EVAN RINEHART 
Johns-Matmlle Sales Corporation 


Oil industry equipment may be insulated for one or more 
of several purposes, including fuel conservation, control of 
operatmg temperatures, reduction of thermal stresses, fire- 
proofing of structural members and equipment, reduction 
of evaporation losses, maintaimng low viscosity for 
pumping 

The insulation of refinery equipment introduces the 
special problem of providmg for the considerable expansion 
and contraction of the high-temperature pieces as well as 
secunng a finish that is thoroughly waterproof and fire- 
proof Many conditions also demand protection of the 
insulaUon against severe mechanical abuse 
The economics of insulation brmgs in the relatively high 
equipment obsolescense in oil refimng, which, however, is 
offset by the hard, drivmg service and the market value of 
refinery products per umt of equipment, mentmg the best 
insulation procurable for the operatmg life of the apparatus 
Since the objective with any insulation is generally to 
secure sustamed efikiency, the material used should not be 
susceptible to either physical dismtegration or increase in 
conductivity, under the conditions of service This implies 
stabihty in thermal characteristics and a resistance to crack- 
ing, shrinking, or settlmg which involves both the method 
of apphcation and the type of insulating material used 
With temperatures in the various classes of equipment 
from —60° F to 1,000° F , and with much higher furnace 
temperatures, several types of insulation are required Any 
one type is efficient only for a fairly definite range of 
temperature General practice is represented by the 
foUowmg table 

Temjf range , " f Material 

-400-125 Cork 

Rock cork* 

Hair felt 

125-600 85% Magnesia 

Asbestos-sponge felted 
Rock wool (up to 1,000" F ) 

600-1,600 Diatomaceoas earth blocks 

Diatomaceous earth brick 
Insulubng cements 

1,600-1,900 Diatomaceous earth blocks 

Calcined diatomaceous earth buck 
1,900-2,500 Calaned diatomaceous earth brick 

* Rock cork is a material manufactured from a loose rock wool 
bonded with an asphaltic waterproofing compound 

With greater abihty of an msulating material to resist 
higher temperatures comes a decrease in its insulatmg 
property at lower temperatures Also, matenab suffi- 
ciently refractory to remain stable at the higher tempera- 
tures are generally more costly than those siutable for lower 
temperatures Therefore, it is sound practice m the insula- 
tion of high-temperature equipment, such as the soaking 
drums of crackmg plants, to use only enough thickness of 
the high-temperature insulator to reduce the temperature 
sufficiently on a supplemental layer of the more efficient 
(lower limit) material A standard combination of this 
type IS diatomaceous earth blocks against the equipment 
followed by magnesia, the respecuve thicknesses of which 
can be vaned to meet any temperature condition up to 
1,900° F. 


Insulation of Towers, Soaking Drums, Exchangers, &c. 

Equipment insulation is used in the following forms 

Blocks or sheets — (usually 24 in x 36 in , or fractions 
thereoO, fiat or curved to conform to equipment radius 

Blankets-^usually 24 in x 96 m or fractions thereof) 
If made of rock wool it is enclosed in mesh wire or 
expanded metal 

Oments — (in bags) of either asbestos, rock wool, diato- 
maceous earth or expanded mica base, combined with 
adhesive cements or clays and watered to trowelhng 
consistency at the site of the work 

Fillers — of asbestos or rock wool fibres (may be enclosed 
m metal containers) 

Blocks and blankets are given a cement fimsh to afford 
a base for the final waterproofing agent For equipment 
such as vertical towers, soaking drums, or horizontal heat 
exchangers, the block type of insulation, laid up in broken 
joint construction, with each layer secured with wires, and 
finished off with cement and plastic waterproofing, is 
generally preferred Not only can the combination of high 
and moderate temperature blocks be vaned m thickness 
to give the highest efficiency, but their apphcation lends 
Itself to standardized results However, the outstanding 
advantage of block or pre-moulded insulation is the uni- 
formity of the product as it is manufactured under control- 
lable conditions 

Blankets arc, by their nature, subject to non-umformity 
of density as made, and to greater deformation as applied 
The lacing for sccurmg their imposition is apt to produce 
bulges and flats, with eventual cracking of the cement coat- 
ing and ingress of moisture A greater thickness of blanket 
insulaUon than is specified for pre-moulded block insulaUon 
IS advisable 

Cement insulation, termed ‘monolithic’, has had some 
degree of acceptance, due to its somewhat lower first cost 
and Its workability around irregular surfaces The cement 
IS applied m a series of i-in to 1-m coats, each wire mesh 
reinforced, with a finish i-in coat and a final water- 
proofing 

From an insulatmg standpomt, one objection is the con- 
siderable difference in density and conductivity which the 
various pressures m the trowelhng exert on the cement 
Moreover, dehydraUon produces inevitable shnnkage 
cracks 

From the standpoint of apphcation, each cement coat 
must be separately dned before appheaUon of the succeed- 
mg coat, necessitating considerable steam on. the interior 
of the vessel and prolonging the construction period far 
beyond that necessary for block application. Also, the 
cement insulation requires a greater attention to expansion 
joints 

Insulatmg cements are readily available m such a form 
as to need only the addition of water for applicauon. As 
such they are generally superior to cements composed of 
vanous ingredients that are ordered separately and mixed 
on the job, where the personal equation of the job labourer 
enters into the accuracy of measuring and the thoroughness 
ofmixing, apart from the addition tune and expenseinvolved. 
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The cement form of insulation is particularly adaptable 
to treatment of tube plates and headers, the hning of tube 
doors, and the msulation of very irregular surfaces 
Fillers m metal contamers have not met with any degree 
of acceptance for the insulation of refinery equipment 
The following table gives combmations and thicknesses 
of block type msulation representative of standard practice 
for the insulation of flat or slightly curved surfaces The 
diatomaceous earth type of block insulation is in itself satis- 
factory for temperatures up to 1,900° F , but for economy 
and efikiency it is combined with another lower hmit 
matenal, as shown The thickness of the first layer should 
not be reduced below that shown in the table, to avoid 
excessive temperatures on the second layer The thickness 
of the second layer is an economic balance between normal 
costs of the complete insulation in place, and average values 
of heat saved, but can be mcreased or decreased for special 
conditions. 


Typical Block or Sheet Type Insulation 


Maximum | 
temp of I 
iHSulaled | 
surface, j 

300 I 


I Thickness of Total thickness 
Thickness of ' W % magnesia I including i-in 
diatomaceous | or of asbestos- I cement and 
earth blocks | sponge felled, l^-in IfP 
in I in In 



For extreme conditions, such as those involving proces- 
smg by electric heat, where much heavier insulation is 
desired, both mner and outer layer would be increased in 
thickness, since increasing only the outer layer raises the 
temperature of its inner face This is illustrated by Fig 1 
in which ‘Superex’ is a typical diatomaceous earth-asbestos 
block made by Johns-Manville 
The table below gives typical thicknesses for cement type 
insulation of the diatomaceous earth-rock wool or ex- 
panded mica types of cement, mixed with hydrated lime. 
Bentonite clay, or other binders 


Temp range. No layers 
° F \ of cement 


Below ISO 2 

150-200 3 

200-300 3 

300-400 3 

400-550 4 

550-700 4 

700-850 5 

850-1,000 5 


thickness 


Where used for fireproofing, the cement insulation is 
usually specified at l}-m mmimum thickness mcluding the 
weatherproof coat, which is to be about ^ m thick when 
diy 


Apiriicatioii. 

A 40-ft soaking drum at 900° F has lengthened about 
4 m from the atmosphere temperature at which the insula- 
tion was applied Since no insulaUon matenal approaches 
the expansion coeflSciait of steel, this condition must be 
met by introducmg workable expansion jomts m the msula- 
tum. A t^^ical joint IS shown m Fig. 2. 


Thorough waterproofing of exposed insulation is pro- 
bably the most neglected of any of the essentials Not only 
does moisture markedly reduce the effectiveness of any 
insulating material, but it also imposes an addiuonai heat- 
ing load on the equipment 

In order to secure a base for the actual waterproofing 
agent, it is necessary to apply several thin, wire-reinforced 
coats of cement to the insi^tion The first coat is cus- 
tomarily a long-fibre asbestos cement, for resistance to 
cracking The second coat is a mixture of asbestos cement 
and Portland cement, trowelled to a hard finish To this, 
when the cement has set, is applied the actual waterproofing, 
which deserves consideration m its selecbon 



Fio 1 Thicknesses of combination insulation for high tempera- 
tures 

Asphaltic paints will sag or run, or if of high melting- 
point, will check and crack Coal-tar pitches, with even 
lower temperature ranges, will oxidize under weather 
exposure Apparently the most satisfactory matenal is the 
manufactured mixture of properly processed emulsified 
asphalt and asbestos fibre This is trowelled on about 
i in thick, usually with a remforemg mesh wire incorpo- 
rated The normal dehydration shnnkage leaves a tough, 
rubbery i-m coatmg that is not only waterproof but also is 
fireproof 

Fueproofness is another requisite of any refinery insula- 
tion particularly around a batteiy of stills This includes 
the piping insulation An ordinary roofing felt as weather 
protecUon on a pipe leadmg to overhead equipment offers 
a commumcating knk to any fire hazard at ground-level 
Such lines should be waterproofed as above desenbed or 
wrapped with a fire-retardant (non-asphaltic) type of roof- 
ing jacket, or encased m metal 
Some parts of heated equipment require removable and 
replaceable insulation, whether to adimt of periodic inspec- 
tion or for such operations as removal of manhole covers 
Smee the heat loss at 800° F for only 3*0 sq ft approaches 
15,000 B Th U per hour, the economy of providing covers 
for such locations is apparent Either quilted asbestos 
blankets or pre-cast block insulauon is adaptable to 
removabihty and replacement. 

Insulation of Towers and Drums 
Die general method of applymg insulation to towers 
mvolves spot-weldmg angle clips cueumferentially around 
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the bottom head and boltmg thereto a curved iron band 
This band iron serves as an anchor for the lacmg wires 
supporbng the insulating blocks on the head and as a sup- 
port for the insulation on the shell above it 
Similar circumferential band iron supports are located at 
mtervals of not more than 15 ft on the height of the tower 
A band iron anchor for lacing wires is also located 
circumferenually around the top head Bent angle u-on 
rings welded directly to the shell may be used mstead of 
clips and band iron These arrangements are illustrated 
mFig 3 



Insulation on such heads is secured by means of lacing 
wues runmng diagonally between the t^d iron anchors 
and I'ln pencil rod iron around the manheads 
Insulation on the shell is secured by circumferential 
lacing wires on 12-m centres. Flat metal straps approxi- 
mately } m X0 020 m find excellent applicauon in some 
of this work, and stranded wire cable is also frequently 
used 

Where removable insulation over longitudinal or cucum- 
ferential nveted seams is required, to permit caulkmg of 
nvets and jomts, extra clip and band iron work is necessary 
Fig. 3 shows block insulation method for manhole 
covers An asbestos blanket insulauon cover, for use where 
manheads are frequently removed, secured with a spring 
inside the filange, is frequently used. 


Insulation of Horizontal Vessels 
(Exchangers, Drams, Partial Condensers, &c.) 

Horizontal vessels are insulated with the same type and 
thickness of insulation as mdicated for towers Provision 
should be made for supporting the upper and lower halves 
of the mam body insulation of large diameter drums by 
erecting angle iron charmels, or band iron on angle chps 
along the centre line The insulation of the lower half is 
preferably supported by iron bands Where removability 
of the heads is a feature, angle iron or band iron is provided 
inside the bolt circle, punched for lacmg wires Separate 
removable and replaceable flange covers are made of the 
msulatmg blocks and cement on wire mesh covered with 
‘hardware cloth’ 

For vessels with permanent heads, angle iron clips are 
welded at mtervals around the circumference, the clips 
being punched for lacmg wires, at times bemg supple- 
mented by i-m pencil rod wue passed through holes in 
the clips 

For resistance to mechanical abuse, steel jackets can be 
fitted over the mam body, or over the removable heads or 
over both In such cases it is customary to omit the plastic 
waterproofing, but not the cement coats over the insulation 

Because of the considerable movement and distortion of 
cylmdneal shell stills, the msulatmg shells or blocks must 
be well secured and the furnace setting sealed at junction 
with the shell 

In a continuous battery of these stills, each operating at 
a diflerent temperature, it is customary to strike an average 
and insulate the enure battery with the same thickness of 
matenal This is of advantage since the operauon of a 
battery is occasionally reversed 

Interior Lining of RelBnery Equipment 

Pressure drums and reacUon chambers are sometimes 
fitted with an interior hmng as a protecuon against cor- 
rosion and as a means of secunng a reducUon m tempera- 
ture on the inner steel face 

Ceramic materials, either concrete or vanous mixtures of 
ganister or other refraaories with cement and bnck, are 
widely used The customary thickness is 2 in reinforced 
for a plasuc application However, the high conducUvity 
of such materials precludes any substanual temperature 
drop through them and the adhesion of the coke, with 
subsequent spallmg of the Iming, involves contmual 
repairs 

Asbestos cement blocks have been used with success, the 
surface offenng less adhesion to the coke The blocks 
about 9 m x 18 m and 2 in thick are made with the proper 
curvature to fit the shell The blocks are supported 
vertically at approximately 6 ft mtervals by circumferential 
bar iron or angle, welded to the shell 

Aim thick layer of asbestos millboard is first cemented 
to the shell, and followed by a second layer, not “bonded 
to the first, but with a plastic refractory cement coat on its 
inner face. The asbestos cement blocks are then placed, 
and pressed firmly into the plastic The blocks are laid up 
with a A **n refractory cement jomt The object of the two 
asbestos millboard layers, one bonded to the shell and the 
other to the blocks, u to provide for the relauve movement 
of the blocks and the steel shell when heated to operating 
temperature Sunilar strips ofthe asbestos millboard at the 
angle supports aUow for the difference m the expansions. 

Blocks for the dome are made to conform to tte douUe 
curvature, and are supported a bar or an an^ wielded 
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to the inside at the junction of cyhndncal section and 
dome 

Where a predetermined temperature drop of substantia} 
amount through the luung is essential, a considerable 
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bnck is over ten times that of a smtable insulating matenal, 
furnace construction should embody only the brickwork 
that IS required for refractory purposes and of sufficient 
thickness to give this refractory structural stability For 
the great majority of designs, 13} m of firebrick more than 
meets these requuements 

With a 134-in firebrick wall, at a furnace temperature 
of 1,600° F , the radiation loss to the exterior is about 
750BThU persq ft hr and at 2,400° F furnace tempera- 
ture the radiauon loss is approximately 1,300 B Th U per 
sq ft hr If exposed to an average ten-mile wmd, these 
losses would be considerably raised 

This means a clear loss of approximately 700 and 1,400 
B Th U per sq ft per hour for the 1,600° and 2,400° fur- 
nace temperature, respecUvely However, by applying the 
conventional 3 in of diatomaceous insulating blocks and a 
suitable casing, the losses are reduced to 200 and 400 
B Th U per sq ft per hour, respectively The insulation 
expense is saved in 12 to 18 months, aside from the other 
advanUiges mentioned later 

Apart from the actual fuel conservation is the fact that 
the insulated wall maintains a higher inner face tempera- 
ture, which by radiabon maintains a more umform tem- 
perature in the furnace 

The objection is sometimes made to this that the tempera- 
tures of refractories are raised by the insulation For years 
boiler and industnal furnace manufacturers were of the 
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ELEVATtOM 

thickness of insulating concrete is demanded In one 
mstance where the shell was 40 ft high and 10 ft m 
diameter, the insulauon consisted of 24 in of Sil-O^Cel 
03 Insuiaung Concrete on the sides and 36 m on the 
bottom. 

Insolation of Furnaces 

The main object of the walls of a furnace u to form a 
container or setting that is as free as possible from external 
beat losses. Owing to the faa that the conducuvity of fire- 


same opimon, and yet to-day we find insulation applied to 
the extenor of steel-treaung furnaces, to open-hearth 
regenerators, and to glass-tank regenerators, all with 
eminently satisfactorily results, and at much higher furnace 
temperatures From the standpoint of structural integrity, 
the apphcation of msulation to a firebrick lining means the 
lessening of internal strains and reduction in spalhng 
because of the smaller temperature difference between the 
inside and outside of the refractory Wall cracks, caused 
by uneven expansion and contraction, are fewer and smaller 
smee sharp temperature changes are obviated and adjacent 
brickwork is protected against widely varymg rates of ex- 
pansion. Properly applied, the insulation tends to seal 
cracks in furnace walls and prevents mfiltration of air or the 
extrusion of furnace gases 

The thickness of the insulation is governed structurally 
by Its hot surface temperature limit or refractory value 
which, in turn, depends on (a) the thickness of the fire- 
brick and/or insulating-refractory mterposed between the 
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furnace gases and the insulation, and (d) on the thickness of 
the block insulation proper 

For instance, assuming a furnace temperature of 2,200° F 
diatomaceous earth-asbestos insulating blocks with a 
temperature limit of 1 ,900° F could be used 4} in thick on 
a 13i-m firebrick wall, but only 2 m thick for a 4i-m fire- 
bnck wall, without endangenng a break-down of the 
blocks 

The thickness of the firebnck and/or insulating refrac- 
tory bnck abo depends on a method of construction, 
height of the wall, and whether or not it has any load- 
beanng function Generally speaking, the calcined diato- 
maceous type of bnck may be used with temperatures up 
to 2,000° F on it, erected either m place of firebrick, except 
for erosive fuel, or as insulation on the outside of firebnck 
Diatomaceous bricks of higher 
calanation (such as Sil-O-Cel 
Super Bnck) may be used for 
temperatures up to 2,500° F, 
with a firebrick hmng, but not 
for direct exposure in place of 
firebrick 

Uncalcmed natural diatoma- 
ceous bricks such as Sil-O-Ccl 
have a temperature limit of 
1,600° F, as used with a fire- 
bnck limng for furnace work 
Diatomaceous earth-asbestos 
blocks are efficient for a maxi- 
mum temperature of 1,900° F, 
with an interposed brick lining 
for furnace work 
Combinations of diatomaceous 
earth-asbestos blocks and mag- 
nesia are often used outside the 
brick furnace lining, the various 
thicknesses being proportioned 
to give a maximum of 600° F 
on the magnesia 
The use of insulating refrac- 
tory bnck, without any interior 
hmng, m place of firebrick, is 
now well established for furnace temperatures up to the 
limit set by the brick manufacturer 
Such construction makes possible thinner surface waUs, 
improved efficiency, and lower operating costs It combines 
all of the characteristics essential to a highly effiaent 
insulating refractory, including heat resistance, exceptional 
insulatmg quahties, low heat absorption, unusually high 
compressive and tensile strength, and ample load-beanng 
capacity under high temperatures 
It must be borne in mmd that, generally speaking, the 
higher the temperature hmit of the insulatmg refractory, 
the lower its efiiciency as an insulator, when such lunit 
approaches that of a good grade firebnck, it is generally 
necessary to apply supplemental msulatmg m order to 
secure a low overall heat transmission 
There are several methods of applying uisulation over 
bnck setungs which are equally efficacious but apphcable 
to different construebons All of these methods mvolve 
the use of insulatmg blocks or bncks, and care is taken 
m each case that the mam supporting steel be left sufficiently 
exposed to the au: so that its strength will not be affected 
by the heat 

It has been found entirely satisfactory to apply suitable 
msulabon between the bnckwork and buckstays except at 


pomts of unusual thrust, such as opposite the arches, or 
where castings and steelwork are to be hung mto the bnck- 
work In such locabons the firebnck is earned through the 
msulabon to the outside of the furnace 

When It IS expedient to erect the furnace bnckwork 
before the casing is applied, a space equivalent to the thick- 
ness of the insulation is left between the outside face of the 
brick and the inside face of the buckstays Then insulabng 
blocks or bricks are erected to fill this space, and the transite 
or steel casing secured in place flush with the back of the 
biKkstays by steel battens and toggle bolts, or by other 
suitable means 

When the furnace brickwork is erected flush with the 
back of the buckstays, light angles may be clipped or spot- 
welded to the buckstays to allow the application of insula- 


bon between vertical steel members These angles serve to 
support the casing, which may be |-in asbestos-cement 
sheets of }-in steel A typical arrangement is shown in 
Fig 4 

In oil-refinery practice it is customary to erect casings 
before bnckwork The msulabon is apphed next to the 
casing and the firebrick laid snugly against the msulabon 

The designers of several of the well-known processes have 
found that ordinary bnck settings may sometimes economi- 
cally be replaced by air-cooled walls and suspended arches 
over the hotter porbons of the furnaces In all these designs 
air is drawn over the extenor bnck surface (suspended or 
otherwise) either by fans, by natural draft, or by burner 
mducbon The cuculabon vanes with the different designs, 
but It IS always necessary to make use of some sort of casmg 
over the air-passages, whose funebon is to retam heat 
recovered by the air, funush a suibible clearance for air 
travel so that adequate scrubbmg acbon is obtamed without 
undue fnebon loss, and to prevent the mfiltrabon of air. 
Furthermore, the construebon should be fireproof and able 
successfully to withstand abrasion, ordma^ mechanicai 
impact, and high temperature 

A favourite casing specificabon is made up of outside 
panels of |-m. asbestos-cnoent sheets, 1-m. high teiqpeia* 
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ture insulating blocks, and inside panels of ^-in asbestos- 
cement sheets Steel is sometimes used for the outside 
panellmg This form of construction offers superior insu- 
lating quahties with a minimum of thickness 
Development of oil-heating apparatus embodying radi- 
ant tubes along the furnace walls admitted of lighter wall 
construction, with the reduction in wall temperatures 
resulting from the heat absorption by the tubes At the 
same time, since the wall radiates heat directly to the closely 
adjacent tubes, and this radiation depends directly on the 
wall temperature, the wall should be thoroughly insulated 
to maintain it at as high a temperature as possible 
The usual construction embodies an insulating refractory 
brick wall, veneered with diatomaceous earth block or a 
sectionally supported refractory tile wall, backed up with 
thicker insulation of diatomaceous block Either construc- 
tion includes a final casing of steel or asbestos-cement 
sheets The low heat capacity of such walls is reflected in 
the economy and safety of operation 

Unless well insulated, the furnace floor can materially 
contribute to the heat loss 

A concrete foundation proper should be topped with at 
least 4 in of diatomaceous earth — ^Portland cement insulat- 
ing concrete covered with firebrick or insulating refractory 
bnck Alternatively a hydraulic setting refractory with 
half the thermal conductivity of firebrick can be used laid in 
monolithic construction 6 in thick for direct exposure to 
flame temperature up to 2,400 ' F 
Tube plates and supporting members are usually insu- 
lated by high temperature insulating concrete, as a means 
of protection against the furnace temperature and gases 
The space between the header and tube plate is filled with 
diatomaceous earth blocks and cement 
The tube doors are insulated with 2-in asbestos sheets, 
covered with J-in high temperature asbestos millboard, 
secured with bolts or studs and plate washers and with all 
edges sealed with a semi-refractory cement 

Tank Insulation 

While standard practice presumes insulation of the 
higher temperature asphalt tanks, the value of insulating 
tanks heated to only 150" F is not so generally recognized 
Although the cost of heating steam and the hours per year 
are determining factors, in general it is economy to insulate 
any equipment artificially heated to 125° F or over 
For example, consider the desirability of insulating a 
40-ft diameter by 30-ft high tank whose contents are mam- 
tamed at 150° F , the tank bemg out of doors Assuming 
an average atmospheric temperature of 50° F , an average 
wind of 10 miles per hour, and a service heating season of 
about two-thirds of a year — 6,000 hours With fuel oil at 
$1 00 per barrel of 5 5 million B Th U and «)% boiler 
efficiency and 5 0% transmission losses, the heating steam 
costs approximately $0 22 per miUion B Th U at the 
tank, exclusive of fixed charges, which would bring the 
cost of dehvered heating steam to about $0 25 per milbon 
BThU 

The roof and sides, approximately 1,250 and 3,770 sq ft 
m area respectively, would lose about 9,650 million B Th U 
per year if left bare, but only about 800 million B Th U per 
year when msulated with 2 m thickness of magnesia blocks 
on the sides and li m thickness on the roof 
.* ReducbonofHeatLoss = 9,650 - 800-=8,850BThU 
per year. 

Value of heat saved = 8,842 x SO 25 ^ $2,212 50 
Approx, cost of msulation— (m place) = $2,500 00 
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And therefore the time m which the insulation pays for 
itself IS 13 6 months 

For temperatures not exceedmg 125°, cork, rock cork, or 
hair felt are commonly used (the latter for temperatures up 
to 150° F ), as well as msulatmg lumber Higher tempera- 
tures are apt to affect such materials adversely and brmg m 
the use of magnesia blocks, rock wool blankets, or plastic 
cements The latter are not particularly efficient, as their 
conductivity is relatively high and the large exposed area 
offers trouble from cracking Hollow tile is widely used 
because of cheapness and availability, as well as simplicity 
of erection However, tile or brick have comparatively 
poor insulating properties 

Because of the exposure to wind and rain, the water- 
proofing of outdoor tank insulation should be most 
thorough To avoid eventual disintegration of the insula- 
tion around the bottom of a vertical tank, a ‘boot’ or seal 
of waterproofing felt is hot-mopped with asphalt to the tank 
sheets at the bottom before the insulation is applied, and 
later turned up and over the insulation The construction 
at this point is further heavily hot-mopped with asphalt. 
All tank openings such as manholes and vents should be 
sealed off from the insulation and the insulation carefully 
flashed 

Insulated yard tanks exposed to mechanical abuse from 
trucks, &c , should be encased in a protective covering 
HoUow tile, brick, and asbestos-cement sheets are com- 
monly used for this purpose 

Insulation of Vertical Steel Tanks. Hot Tanks, 

125 to 600° F 

y Eighty-flve per cent magnesia blocks are reconunended 
for roof insulation, and magnesia blocks or rock wool 
blankets for insulation of the side walls While the bare 
tank-roof temperature is lower than that of the sides, it 
should be insulated — usually to less thickness Though 
some prefer to leave the eaves bare on riveted tanks, eave 
insulation forms a tight connexion between roof and shell 
insulation, in addition to reducing heat loss With roof or 
eaves bare, special flashing is needed to weatherproof the 
shell insulation 

The proper thickness of insulation to use on tank sides 
vanes according to the maximum temperature Recom- 
mended thicknesses are as follows 

Tank Shell insulation 

temperature. thickness, 

°F in 

125-300 2 

300-400 21 

400-500 3 

500-600 3 * 

Roof insulation thickness is ordinarily i in less than that 
on the shell 

For a fimsh, cement, waterproofed, is frequently used 
A 2-m coat of cement composed of J insulating cement and 
I Portland cement by weight is applied on 1 i-m hexagonal 
mesh galvanized wire netting, securely laced over the 
insulation Over the cement, when dry, is trowelled a 
smooth coat of plastic waterproofing, and applied i in 
thick, painted with alumimum paint if desired On indoor 
tanks, the fimsh as described above may be omitted and 
insulating cement apphed over the blocks in two coats with 
wire netting reinforcement, to a total thickness of ^ in , the 
final coat bemg mixed with I Portland cement by weight 
and trowelled to a smooth surface An asbestos-cement 
sheet-casing funushes not only protection against fire, but 
against mechanical injury and severe weather conditions, 


IQ 


Pp 
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and presents a neat appearance without painting or other 
maintenance 

When insulating a tank roof the blocks are applied with 
fibrous adhesive and extend to the eave to lap over the side 
wall insulation If the side msulation is also 85 % magnesia 
blocks, the roof insulation blocks are secured to them with 
wood skewers 

Over the roof insulation, two coats of a cement composed 
of j insulating cement and i Portland cement by weight are 
applied to a total thickness of ^ in , the cement being carried 
down over the eave and the side-wall insulation for at least 
9 in When the cement is dry it is coated with one coat of 
concrete pnmer Over the primed cement is thoroughly 
hot-mopped IS lb asbestos waterproofing felt, lapped to 
form a two-ply protection, extending over the eaves to lap 
the side-wall insulation Around the nm of the eaves and 
around projections, plastic waterproofing is trowelled to a 
smooth fimsh 

White top roofing is then solidly hot-mopped over the 
entire roof, with all joints closely butted Over the joints 
a coat of concrete pnmer is applied, followed by plastic 
waterproofing If a black finish is desired, the white top 
roofing IS omitted, and asbestos waterproofing felt is used 
instead The top surface is finally given a mopping of 
hot asphalt 

The following insulation specification is designed for 
tanks containmg heavy oil, heated by steam coils, to a 
temperature not in excess of 125® F , and for tanks contain- 
ing hght distillates, gasoline, &c , at atmosphenc tempera- 
ture Usually such tanks rest on concrete base, and tank- 
roof decks are flat with no projecting curb or eave angle 
The recommended form of insulation for such tanks conr 
sists of cork, or rock-cork insulation, U in thick applied 
with hot asphalt and (for vertical tanks) encased in flexible 
asbestos board on the sides The roof insulation should be 
protected by flashmg plastic 

Horizontal tanks should have the same insulation, but, 
in lieu of the foregoing finish, should be encased with Port- 
land cement plaster, followed by a waterproof coat of 
suitable plastic waterproofing, trowelled on 

In the case of vertical tanks, before apphcation of the 
bottom courses, a waterproof ‘boot’ should be installed, 
consisting of two plies of 15-lb asbestos felt, hot-mopped 
solid to the tank side for a distance of 36 m After the 
bottom course has been applied to the face of the boot, the 
felts are turned up and over the cork bottom course and 
hot-mopped m place 

As an alternative form of insulation for tanks contaimng 
casmghead or highly volatile gasolme, two }-in thick layers 
of hair felt stitched between layers of building paper has 
been used successfully 

Insulation for Controlling Evaporation 

The two main causes for evaporation of oil m storage 
are, first, ‘ wind-dnft’, or vapour circulation, through open- 
ings m roof and eave, and second, expansion and contrac- 
tion due to temperature change m the vapour space above 
the oil and of the surface of the oil itself, called ‘breathmg’ 

Wtnd-dnft losses are those caused by air currents enter- 
ing through small openings at the eave or between the laps 
of metal deck plates, passing through the vapour space 
above the oil level, and escaping through openings m the 
opposite side of the tank These currents carry with them 
the hghter portions of the oil and not only appreciably 
reduce the volume of hquid m storage, but lower its gravity 
and consequently its market value 


These losses from air cuculaUon through the tank vapour 
space are greatest m wood deck tanks, where the roof 
openings are largest, but are almost as great in old style 
steel roofs with wide rivet spacing, and are appreciable even 
in caulked steel tanks 

It IS evident that expansion or contraction of either a steel 
or galvanized iron roof, due to change of outside tempera- 
ture, will be greater m the surface of the roof directly ex- 
pos^ to the sun than m the circumference of the shell at 
the eave The filhng and emptying of a tank also causes 
changes in the shape of the top ring with an attendant move- 
ment of the eave Both of these movements result in strains 
on all caulked joints, makmg it practically impossible to 
maintain them tight enough to hold gasoline vapour even 
though the best of workmanship was used in the onginal 
construction 

‘Breathing losses constitute the more important factor 
in the total evaporation loss as the tanks approach gas- 
tightness The mixture of air and oil vapour in the vapour 
space of the tank expands and contracts with daily changes 
in temperature 

With an average variation of 30" F between the highest 
temperature dunng the day and the lowest temperature 
during the night, and a depth of oil of 28 5 ft in a 30-ft 
55,000-bbl tank, the breathing from thermal expansion of 
the au- and vapour mixture will be about 2,1 60 cu ft per day 
The fresh air drawn in will become saturated with vapour 
and during the next 24 hours a corresponding amount of 
vapour-saturated air will be forced out A further loss due 
to small breathes is caused by intermittent sun and shade 
or showers 

The breathmg due to change in vapour pressure is greater 
than, and may even be more than double, that due to 
thermal expansion of the air and vapour mixture alone, and 
must be added to the breathing due to thermal expansion 
The effect of vapour pressure change is even greater on the 
evaporation loss than is made apparent by the increased 
volume of the breathing, because the result is to mcrease 
the proportion of gasoline vapour in the mixture breathed 
out of the tank 

The chart in Fig 5 shows a typical reduction in varia- 
tion of the temperature in the vapour space effected by 
insulating the tank top These temperatures were taken 
for one week in September and were registered by self- 
lecordmg thermometers installed m the vapour space of 
each tank 

Tests by a refinery near the Gulf Coast comparing 
evaporation losses from three steel-roofed tanks 90 ft 
diameter by 30 ft high, stonng motor gasolme, showed the 
following losses over a penod of nine months 

Average 

bbl hat 
per month 

Tank with uncaulked bare steel roof 170 

Tank with caulked bare steel roof 118 

Tank with vapour Ught insulated tank top • 79 

All tanks were filled with 63 1° Be-gasohne at start of 
test The tanks were equipped with one screened breather 
vent and vapour tight hatches The uninsulated roofs were 
painted hght grey 

Because of the high API gravity of the gasoline m this 
test, the losses from all test tanks were rather higher than 
for ordinary motor gasoline, but the saving made by insu- 
lating the tank top over the uncaulked steel roof amounts 
to 91 bbl per month, and figunng the gasoline loss at $4.20 
per bbl , the saving per tank over the 9-monlh penod 
amounted to $3,439 
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Another method of reducing evaporation losses m crude A suitable insulation for such work consists of two 1-in. 
and gasoline storage makes use of a ‘sunshade’ or housing layers of standard hair felt between three layers of IS lb 

around the shell only, with insulation of water on the roof asbestos waterproofing felt, securely fastened to the tank 
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Corrugated asbestos sheeting has proved very satisfactory 
for such sunshades because of its light-coloured surface, 
durabilit> without maintenance, and ease of application 
In erecting the sheeting no welding is required, so that the 
tank contents need not be disturbed during the progress of 
the work 

Tank-car Insulation 

Tank-car insulation is designed to keep the volatile con- 
tents of the car from heating up beyond a certain tempera- 
ture or to keep the contents from cooling down below the 


that the average evaporation loss from an uninsulated tank 
car carrying casing-head gasoline amounts to 2S0 gal per 
diipment 


and covered by a i-in riveted steel jacket Another similar 
material is loosely felted hair enclosed between two layers 
of waterproof paper which eliminates the operation of 
applying the waterproof felt 

built for higher pressures are required to be insula- 
ted with a thermal efficiency equal to 4 in of compressed 
cork-board, made weathertight Heater pipes attached to 
the tank should be insulated to half this thickness 
Cars carrying hot asphalt or petroleum products that are 
not explosive are insulated in accordance with the individual 
requirements of the particular case, the maximum thickness 
being the space allowed for insula- 
tion on the type of car Standard 
hair felt IS the most efficient heat in- 
sulation that can be used on these 
tank cars, but a 1-in layer of corru- 
gated asbestos is often used as a first 
layer under the hair At high tem- 
peratures asbesto-spongefeltedmust 
be used next to the tank to protect the 
hair felt Between 250 and 300° F , 
1 in of asbesto-sponge felted is 
normally used, between 300 and 
400° F, li in of asbesto-sponge 
felted, and over 400° F, 2 in of 
asbesto-sponge felted In each case 
standard hair felt is applied over the 
asbesto-sponge felted if required 
to complete the thickness, and the 
entire insulation is properly water- 
proofed Large sheets of moulded 
asbestos curved to the tank radius 
offer a substitute of light weight and 
low conducUvity 
Rock wool blankets furnish the 
most widely used type of tank- 
car insulation, because of relative 
cheapness and ease of application 
However, rock wool is open to the 
objection of settling and possible 
eventual disintegration from the 
contmual vibration and exposure 
to moisture filtermg through cracks m the overlaying metal 
casing 

Typical cooling curves are shown on Fig 6 for an insu- 
lated and bare tank car 
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temperature at which it can be unloaded Statistics show 
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Fire Protection for Structural Steel 
Structural steel becomes matenally weakened between 


800 and 1,000“ F , which temperatures are far below those 
frequently encountered m pl^t fires In many mdustnal 
processes, and particularly in the oil industry, it has proved 
highly advisable to protect the supporting steel work where 
failure of any member might cause 
disastrous results 

For this class of work certam in- 
sulation matenals are fitted to meet 
fire conditions and give superior 
protection to the steel One such 
material is diatomaceous earth con- 
crete which IS made on the job and 
apphed either by placing in wood 
forms, or by the cement gun method 
It has the following characteristics 

(1) Applied to a thickness of 2 in 
It gives 6-hour protection for 
the steel members enclosed A 
3-m thickness gives 10-hour 
protection 

(2) It IS a monolithic, strong, and 
self-supporting material 

(3) It wei^s only about 60 lb per 
cu n Because of Its relatively 
light weight It IS easier to place 
than heavier matenals, and 
lightens the load on support- 
ing steel 

(4) It withstands the action of 
water from a fire hose 

The diatomaceous earth concrete 
fireproofing is usually apphed m the 
followuig manner 

The steel members arc enclosed 
in 2 in x2in mesh 12-gauge electnc 
weld wire, space i in from the steel 
surface Theconcreteis then applied 
over the entire surface of the steel 
members in monolithic construction 
allowing a minimum of 2 m (or 
3 m ) of protection at the extreme 
points and with no re-entrant angles 
After the concrete has set it is water- 
proofed 

An alternative is high tempera- 
ture block insulation and is recom- 
mended for protection up to six hours The blocks and 
cement are applied to the steel members as outlmed below 
The hours of protection stated for these specifications are 
the tune required for the steel to reach a temperature of 
900 ° F , with the msulated member exposed to 2,0(X)° F , 
on all sides, as determmed from furnace tests A typical 
temperature chart is shown in Fig 7 

For 4- to 6-hour protection, next to the steel are ap- 
phed li-in thick 8S% magnesia blocks wired in place, 
with all joints laid up in asbestos cement Over the 
magnesia a second layer of IJ-in thick diatomaceous 
earth blocks, secured by nichrome wire, are laid with 
asbestos cement, with alt jomts broken All voids between 
the steel and the insulation are filled with scrap insulation, 
poured in as the work proceeds It is important that 
all blocks be laid up with cement, actually buttering the 


joints, and not simply pointing them up after the blocks 
are in place Around the corners of the second layer of 
msulating blocks, asbestos sheet millboard is bent and 
stapled in place 

Over the second layer of blocks is stretched 1-in hex- 
agonal galvanized wire netting, followed by a i-in thick 
coat of cement trowelled to a hard finish When the cement 


has set and is well dned out, it is waterproofed with a 
plastic apphed i in thick and trowelled to a smooth 
finish A typical arrangement IS shown on Fig 8 

For protection up to 2i hours, next to the steel are 
applied Urn thick dutomaceous earth blocks; secured in 
place with nichrome wire and laid up in asbestos cement 
Asbestos sheet millboard is bent around the corners of the 
insulating blocks and stapled in place, and a cement finish 
IS apphed over wue reinforcing and waterproofed as in the 
previous recommendation All voids between steel and 
insulation should be filled with scrap insulation, poured in 
as the work proceeds Typical arrangements are shown 
in Fig. 9 

Rods for workmg valves are frequently earned some 
distance to give remote control m case of fire However, 
unless these rods are protected the possibility exists of dieu: 
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becoming useless through exposure to flame Control rods 
can be fireproofed as follows 
Two layers of IJ-m thick diatomaceous earth pipe 



insulation (of the nominal pipe sire equivalent to the dia- 
meter of the rod) are secuied in place by nichrome wire 
All joints are sealed with asbestos cement Over the pipe 
insulation is stretched 1-in mesh galvanized wire netting, 
followed by a J-in thick coat of asbestos cement and 
trowelled to a smooth finish The cement is waterproofed 
with a plastic, applied i in thick and trowelled to a 
smooth finish 

Valves, knuckles &c , are housed with J-m thick flat 
asbestos cement sheets and the space filled with scrap 
insulation 
Stack Lining 

During recent years many steel stacks have been lined 
with diatomaceous earth brick with very satisfactory 
results In industrial plants stacks are lined to prevent 


corrosion of the steel, increase the draft, and improve the 
operation of the equipment Corrosion protection is par- 
ticularly important where flue gases have a highly aad 
condensate, such as those from oil sludge or high sulphur 
residues 

Stacks are most usually lined with 2i in of diatomaceous 
earth natural bnck, but vitrified asbestos sheets curved to 
fit the radius of the stack are also used Prior to applica- 
tion of the brick insulation, circumferential angles, 2 in x 
2 in i in , are placed in the stack on 37-m vertical centres, 
the outstanding leg punched with i-m holes on 12-in 
centres After the inside surface of the stack is cleaned of 
all paint or other foreign material, the bricks are cemented 
to the stack with fibrous adhesive and further held in place 
by vertical wires, laced through the i-in holes in circum- 
ferential angles 

Over the surface of the brick is stretched 1-in hexagonal 
mesh galvanized wire netUng, securely fastened to the 
lacing wires Two coats of asbestos cement are then 
applied to a total thickness of i in , the first |^-in coat being 
left to dry with a rough surface before the application of 
the smooth finishing coat 

Pipe Insulation 

To be adaptable, pipe insulation must be of such form 
as to be easily applied It must have heat-resisting qualities 
sufficient to withstand successfully the highest temperatures 
to which It will be subjected It must be sufficiently strong 
and durable to assure long life Adaptability also depends 
upon many other conditions incidental to the particular 
application 

Refinery pipe insulation must meet conditions of con- 
siderable mechanical abuse in ordinary service Also, cer- 
tain lines around high-pressure cracking coil equipment, 
tor instance, must be periodically inspected, necessitating 
the use of removable and replaceable type of insulation for 
these pipes and flanges 

From the four basic mineral products — asbestos, mag- 
nesium carbonate, diatomaceous silica, and rock wool made 
from argillaceous limestone — insulation is manufactured in 
the forms of sectional pipe covering, insulating sheets, 
blocks, bricks, and blankets, as well as light-weight aggre- 
^te used with Portland cement for making insulatmg 
concrete Cork, rock cork, and hair felt products are 
used in the low temperature fields The insulation of cold 
piping, however, will be dealt with separately as an item 
in low temperature equipment 

Eighty-five per cent magnesia is extensively used for 



Fto 9. 



2250 ENGINEERING AND CHEMICAL ENGINEERING AS APPLIED TO REFINING 


steam-line insulation requirements m the oil mdustry where 
the insulation is not subj^ to mechanical mjury, and where 
the temperatures do not exceed 600° F It is h^t, efficient, 
and low m pnce The asbesto-spongc felted insulation is 
an alternative type which can be used up to 700° F Its 
lammated construction gives sufficient mechamcal strength 
to withstand severe usage and vibration, which makes it 
particularly desnable around stills and cracking plants 
where pipe insulation is often subjected to rough treatment 
Another advantage of asbesto-sponge felted is the fact that 
It can be taken off and placed on other pipe of the same size 
without deterioration from the consequent handling and 
transportation 

In the range of temperatures so high that neither 85 % 
magnesia or asbesto-sponge felted should not be used, 
diatomaceous earth-pipe insulation is the proper material 
Sometimes asbesto-spongc felted is us<m1 outside for 
mechanical protection of the diatomaceous earth insulation 
and to increase insulating efficiency Magnesia is used as 
an outside layer where the insulation is not subjected to 
abrasion, because it is lower in first cost 

Rock wool pipe covering has had some acceptance, par- 
ticularly when fitted in a metal casing or jacket to faalitate 
frequent removal However, on horizontal hnes any 
fibrous form of insulation is very likely to sag, creating a 
tunnel along the bottom of the pipe, and thinnmg the 
msulation along the crown 

The table of thicknesses which follows represents general 
practice in use generally on heated lines Exceptional 
conditions may make necessary thicker insulation Where 
piping is located outdoors it is customary to use insulation 
i m thicker than shown 


Thtekness of 85 % magnesia 
inrulation (in ) 


Pipei 

Steam pretsure \ Temperature, i larger 
or condition j ° F I than 4 in 

Hot water ! ' Std 

0-25 lb ' 212-266 Std 

25-100 lb ' 267-337 1^ 

100-200 lb , 338-387 2 

Low superheat I 388-499 i Dbl Std 
Superheat | 500-600 | 3 


Pipii 

Pipes smaller 
2-4 in I than 2 m 

Std ; Std 

Std > Std 

Std , Std 

1* I Std 

2 I li 

Dbl Std 2 


For temperatures above 600° F all pipes IJ in and 
smaller are best insulated with a single layer of diato- 
maceous earth sectional pipe insulation 2 in thick Small 
fittings are insulated with asbestos cement For pipe sizes 
larger than U m, at temperatures above 600° F, a 
combination insulation is best This consists of one layer 
of diatomaceous earth sections next the pipe, over which 
IS apphed a second layer of either 85% Magnesia or 
asbesto-sponge felted as conditions reqiure Suitable thick- 
nesses of each layer for the vanous pipe sizes are given 
in the table in the next column 
Sectional insulation is applied to a pipe with jomts, 
tightly butted and pointed up with asbestos cement 
Insulation is wired to the pipe with not less than three loops 
of 16-gauge aimealed iron wire on pipe up to and includmg 
6 in , and with not less than four loops for larger pipe sizes 
\l^n the insulation is applied in two layers both circum- 
ferential and longitudmal jomts are staggered, with each 
layer wired m place as previously desenbed 
The insulation on bends should be given a thm finishing 
coat of asbestos cement to present a smooth, even surface. 
Insulation of flanges and fittmgs on Imes over 4 in m 


diameter should be the same as the insulation on the hne, 
surfaced with i in asbestos cement apphed m two layers 
Canvas is stretched tightly over the cement and pasted 
On hnes under 4 in the fittings and flanges are insulated 


Thickness of insulation (in ) 

Diato- T 65% I Diato- j 


1* 


I li ' 

. i IJ I 

H I lA I 
U lA I 

2 lA ' 
2 11 , 


entirely with asbestos cement to the same thickness as the 
adjacent insulation Flanges and fittings out of doors are 
waterproofed with a plasuc applied in place of the second 
coat of cement, the canvas being omitted 
Insulation on piping located outdoors or exposed to the 
weather is best finished with a heavy double-coated 
asbestos waterproof roofing jacket Joints in the jacket 
are lapped at least 3 in and sealed with lap cement and the 
jacket IS securely wired in place On horizontal pipes the 
seams of the weatherproof jacket is placed at the side of 
the pipe with the lap turned down in order to shed the 
water Piping located close to the ground is best protected 
by a metal jacket 

Where fire hazard must be considered and the applica- 
tion of ordinary roofing jackets is prohibited, due to the 
fact that flame may be earned along exposed piping when 
a fire occurs adjacent to lines so protected, an asbestos 
jacket or a steel jacket must be used 

One form of asbestos jacket consists of one sheet of 
asphalt-saturated asbestos felt, over which has been 
cemented an unsaturated fell for an outer surface This 
material will not drip asphalt, carry flame, or support 
combustion 

Flanges, fittings, and valves are generally insulated with 
the same materials as the adjacent piping 
On piping 4 in and larger the bodies of flanged fittings 
and valves are insulated with block insulation to a thick- 
ness i in thinner than the insulation on the adjacent piping 
Hard fimsh asbestos cement is then applied to make the 
total thickness of insulation on the valve or fitting equal to 
that on the adjacent piping Pipe insulation should be 
stopped short of all ^nges, and bevelled off to permit 
removal of flange bolts when necessary 
In the case of flanges the insulation of which is to be of 
the removable and replaceable type, all flanges are msu- 
lated with sectional pipe msulation to a thickness equal to 
that of the insulauon on the adjacent pipmg or with block 
msulation to a thickness ^ m thinner than the insulation on 
the adjacent piping, covered with ^ m hard-fimsh asbestos 
cement 

On piping 3^ m and smaller, m place of blocks and 
cement as mentioned above, the entire msulation of flanged 
and screwed fittmgs and valves is best earned out with hard 
finish asbestos cemrat to a total thickness equal to that of 
the acliacent pipe insulation 

Where It IS necessary to make frequent inspection of hot 
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oil-vapour lines, particularly those which connect the crack- 
ing oil with reaction chamters in the vanous cracking pro- 
cesses, asbestos pipe blanket insulabon for temperatures 
up to 800° F IS economical, due to ease of apphcaUon and 
elimination of breakage The usual pipe blankets arc made 
up of 2i lb asbestos cloth on both sides, filled with brown 
asbestos fibre and quilted on approximate 9-in centres, 
with wire-mserted asbestos cord Monel metal hooks for 
lacing are secured to all longitudinal edges, on approxi- 
mately 5-in centres with monel metal wire and copper disks 
The blankets are laced on the pipe or fitting with monel 
metal wire 

Freezing of Water Pipes. 

Built-up hair-felt insulation is used to protect water- 
pipes from freezing where the pipes are subjected to severe 
condiUons This insulation consists of a suitable number 
of layers of I-in standard hair felt securely bound in place 
on the pipe by means of heavy jute twine and finished on 
the outside with a waterproof jacket The following table 
gives some data on the protection afforded by insulation 
Data on Freezing of Water in Pipes 

\ BTh U per ' Hours to Lb water 
Insulalion j deg temp cool to flow per hour 

No of dtff , per ' freezing- ' per linear Jt 

Pipe size, layers each hour per ' point from ^ to prevent 

in / in thick I linear j! 60° F freezing 

i 2 ' 0 0895 0 417 1 0537 

I 3 ' 0 0747 0 500 0 448 

I 4 0 0660 0 565 0 396 

1 i 2 01125 0825 0675 

3 , 0 0911 I 102 ' 0548 

I 4 0 0798 1 16 I 0480 

2 12, 0 1586 1 94 , 0952 

3 01244 2 48 0 747 

4 0 1063 2 90 I 0638 

4 2 I 0 2450 4 55 1 470 

3 01850 6 02 I 1110 

4 01548 7 20 { 0 929 

6 2 i 0 3302 I 7 35 1 981 

3 I 0 2434 i 9 88 1460 

4 I 0 1984 ' 12 20 1 191 

8 2 ' 0 4100 ! 10 05 2 460 

3 I 0 2960 13 90 1 776 

4 ' 02390 I 1725 | 1434 

10 2 0 4930 ' 13 00 | 2 960 

3 0 3536 i 18 10 , 2 122 

4 0 2830 I 22 70 | 1698 

12 2 0 5720 1 15 80 I 3 432 

3 0 4090 22 20 2 454 

4 0 3222 I 28 10 I 1 933 

Where water must remain stationary longer than the safe 
length of time indicated, the only sure way of protecting the 
line IS to provide a small steam or hot water line alongside 
the water line and then place insulation entirely round both 
Imes In this case two-layer msulation is satisfactory and 
sufiSaent, as the heating hne is the protection against freez- 
ing and the purpose of the insulation is to prevent excessive 
loss, and to keep the heat where it is wanted 

Steam-heated Oil and Tar Lines 

Oil, asphalt, tar lines, Ac , in which it is necessary to 
maintam temperatures above outside temperature to ensure 
Sow are protected from coohng by means of a small steam 


pipe runnmg adjacent to the mam pipe The two pipes are 
insulated together by applymg secfional insulation of such 
diameter as just to fit around the pipes when bent to con- 
form The insulation is held in place by 1 6-gauge iron wire 
loops All space between the joints is filled with asbestos 
cement 

On inside piping, the insulation may be finished with 
rosin-sized paper over which is sewed an 8-oz canvas cover 
The canvas may be sized and painted if desired On outside 
piping, the msulation is covered with a weather-proof jacket 
Insulation of Low-temperature Equipment. 

A ton of refrigeration, the equivalent of 288,000 B Th U 
per 24 hours, often costs 10 times as much as the same 
number of B Th U produced for heating purposes The 
necessity for much heavier insulation on low temperature 
work than is customary for high temperatures is thus 
immediately apparent Furthermore, the cold processmg 
of oils demands that temperatures be maintained withm a 
narrow range, which control cannot be attained without 
the use of adequate msulaUon 

Briefly, the requirements of a low temperature insulation 
are 

1 The insulation must possess low conductivity at low 
temperatures and must have the ability to retain this 
low conductivity in service 

2 It must not readily absorb moisture, as low tempera- 
tures involve condensation 

3 It must permit thorough sealing against infiltration of 
air, for condensation within the material reduces its 
efficiency 

4 It must have sufficient strength to be handled and 
applied without breakage, and it must be easily sawed 
and worked on the job 

5 It must be vermin-proof and not susceptible to 
bacterial growth 

Cork, with a long history of satisfactory performance, is 
the most widely used low temperature insulation It is 
manufactured in the form of sheets or lags mitred to the 
required curvature It should be thoroughly waterproofed, 
not only for maintenance of efficiency but also to prevent 
possible disintegration Granulated cork may be u^ as a 
filling material where conditions preclude the use of sheet 
or block insulation 

Rock cork is of more recent development, having been 
introduced some 30 years ago It has since been used with 
entire success for all classes of low temperature insulation 
It consists of rock wool bonded with a waterproofing bitu- 
men and IS made in sheets or lags Possessing a consider- 
able degree of wdterproofness m itself, it is not so dependent 
upon the mtegrity of the final waterproofing surface 

Hair felt, with an older history even than cork, offers 
portability, low weight, and relative ease of application due 
to the large units of area in which it is available In late 
years its use has been rather confined to equipment at 
atmospheric, or somewhat lower temperatures, although it 
has bwn satisfactorily applied to helium plant equipment 
operating at extremely low temperatures Hau* felt is 
either manufactured as standard hair felt in rolls or with 
roofing paper sutched to both sides This insulation 
demands a better type of workmanship in its application 
than does either cork or rock cork At low temperatures 
Its effectiveness is entirely dependent upon the complete- 
ness and integrity of the exterior waterproof envelope The 
efficiency is a fuhction of the uniformity in thickness of such 
an easily compressible material 
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In a low temperature insulation the presence of mois- 
ture not only hazards eventual disintegration of organic 
material but also markedly impairs its msulating property 
Vety low temperatures demand virtually an air-seal type 
of waterproofing to avoid moisture resulting from warm 
air filtering m through the outer surface and condensing in 
the insulation Once started, such action is always pro- 
gressive, with a resultant frosting of the insulation through- 
out Its depth 

The conductivities of the three types of low temperature 
insulation are within fairly close agreement, varying some- 
what with density and compression and, to some extent, 
with age when exposed to ‘drying out’ 

For calculating the required thickness of insulation, the 
conductivity is usually taken to be 0 30 to 0 33 B Th U pci 
hr sq ft ° F for 1 in thickness 
Where frosting of the exterior surface is a factor, the 
temperature of the surrounding atmosphere and its relative 
humidity at that temperature should be considered At 
times this would call for a greater thickness, but for general 
use, industrial practice has fairly well standardized the 
following thicknesses for tanks, brmc coolers, chillers, 
refrigerated rooms, Ac Cold piping is dealt with separately 

Fqmpment *Tkickness of lork or rock 

temperature, ” F cork sheets or lags 

—60 to —50 12 in —three layers 

50 to -30 10 m —three 

-30 to -15 8m— two 

-15 to 0 7 m — two 

0 to 15 6 m — two 

15 to 25 5 m - two 

25 to 35 4 m —one 

35 to 45 3 m —one 

Above 45 2 m —one , 

* Add 1 in to above for corresponding thickness of hair felt to 
allow for compression 

hor vertical tanks ‘Foundation cork is applied on a 
waterproofed concrete, normally about 25% thicker than 
standard to allow for its greater density and higher 
conductivity 

For the walls of tanks 20 ft or greater in diameter cork 
or rock cork sheets are used, for tanks of smaller diameter, 
lags, formed of sheets of the same materials, mitred for the 
curvature, are preferable in order to secure close-fitting 
joints 

The final extenor surface may consist of a suitable 
emulsified asphalt-asbestos cement waterproofing plastic, 
or roofing felts hot-mopped with asphalt For tanks over 
20 ft in diameter, an asbestos-cement sheathing is usually 
added for mechamcal protection, or hollow tile erected 
around the tank 

Rock cork or cork sheets are applied horizontally to the 
side walls of the tank after dippmg one face of the sheets 
in hot asphalt, and are further secured by metal straps If 
more than one layer of sheets is required, the second, and 
each subsequent layer, is secured to the previous layer by 
wood skewers, four to a sheet, dnven at an angle, in addi- 
tion to cementing with hot asphalt 
The roof of tanks at low temperatures are usually in- 
sulated to the same thickness as the side walls The sheets 
are dipped on one face in hot asphalt in the same manner as 
on the side walls, and the second, and each succeeding 
layer, additionally secured to the preying layer with wood 
stewers Over the finished insulation, waterproofing felt 
IS applied in a manner generally similar to that for hot 
tanks 

On horizontal tanks cork or rock cork lags, of the proper 


thickness and number of layers for the operating tempera- 
ture, are securely attached to the shell of the cooler with 
hot asphalt, with each course further secured by circum- 
ferential metal straps Where two layers are necessary the 
attachment of the second layer to the first with hot asphalt 
IS further reinforced by wood skewers driven m at an angle 
When using hair felt insulation, after all leaks are made 
tight and all scale, grease, or other foreign matter removed 
with brushes and scrapers, the entire tank is first coated 
with concrete primer A first layer of felt is then hot- 
mopped to the ends of the tank A second layer is then 
hot-mopped to the first layer, each layer bemg cross-laced 
with wires on about 18-in centres, secured to i-m twisted 
steel cables stretched circumferentially around the tank 
about 6 in from the ends The felt is applied to the body 
of the tank in a similar way, each layer being tightly laced 
with wire wound circumferentially around the tank on 
18-in centres 

Over the body and ends of the tank, U-in hexagonal 
wire mesh is stretched fastened to the lacing wires A i-m 
cement coat, consisting of two parts insulating cement and 
one part Portland cement by weight, is thoroughly worked 
into the wire mesh, and over the cement, i in of plastic 
waterproofing is finally applied, trowelled to a smooth 
finish 

Insulation of Refngerated Rooms 

Cork or rock cork sheets arc usually used to insulate the 
floor, walls, and ceiling of refrigerated rooms 
For floor insulation the sheets are applied over wood or 
concrete sub-floors, using the same method of application 
in cither case The sub-floor is thoroughly cleaned and 
dried before applying the insulation Wood floors are first 
covered with two layers of heavy building paper Next, the 
sub-floor IS flooded with asphalt, and the first layer of 
insulation applied while the asphalt is still hot It is then 
flooded with hot asphalt and the second layer applied, all 
joints being staggered and closely butted Further layers 
are applied m the same manner The top surface is flooded 
with a heavy coat of hot asphalt The floor insulation must 
always be covered with some type of wearing surface 
Walls are usually prepared to receive the insulation in the 
following way Uneven stone or bnck walls arc trued up 
with a coat of Portland cement mortar brought to a float 
fimsh Frame walls are covered with two layers of water- 
proof building paper The cleaned, dry surface of masonry 
walls IS coated with concrete primer 
The insulation is then applied with hot asphalt All 
sheets are closely butted and pressed firmly into place to 
provide uniform adhesion, and outer layers are additionally 
secured to the preceding layer with wood skewers The 
interior finish for both walls and ceiling usually consists 
of i in of asphalt-asbestos cement, evenly applied and 
trowelled smooth 

Whenever several floors are being refrigerated, the floors 
should be supported separately from the walls, when pos- 
sible, with space provided between the tvall and floor slab 
to permit the continuance of insulabon without a break at 
the floor-line. This makes it unnecessary to insulate floors 
and ceiluigs except at the bottom and top of the entire space 
bemg insulated Where the floor beams of interme^te 
floors must be supported in masonry walls, the insulation 
should be earned out on the beams from 3 to 6 ft , depend- 
ing upon the temperatures to be held 
Ceding insulabon should be applied on the top where 
this IS possible When applied on the underside, advantage 
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should be taken of all means of remforcement, especially 
on the first layer, to ensure permanent construction Under 
wood-frame ceilings, two layers of waterproof building 
paper should be first nailed to the sheathing The initial 
layer of insulation is then applied with hot asphalt, and 
secured with galvanized nails and metal caps The follow- 
ing layers are applied with hot asphalt and secured to the 
preceding layer with wood skewers driven in at an angle 

One method of insulating the under-side of concrete 
ceilings on new construction is to lay the first layer of 
insulation in the concrete forms before the slabs are poured 
Heavy galvanized wires with one end bent to form a cap 
are inserted in each sheet in such a manner as to form a key 
when the concrete is poured The top surface is given a 
coat of emulsified asphalt, after which the concrete is 
poured When the concrete has set and the forms have 
been removed the additional layers of insulation are 
applied underneath with hot asphalt and secured with wood 
skewers driven in at an angle 

If concrete floor slabs have been poured without pro- 
vision for supporting insulation, and it is necessary that 
the insulation be applied to the under-side, the most satis- 
factory method is to drill holes in the concrete and secure 
2 in X 3 in nailing strips to the slab with expansion bolts 
The entire surface is then given a coat of concrete primer, 
and the first layer of insulation erected in asphalt between 
the nailers, and toe-naiied to them at each edge The 
second layer is applied in asphalt, nailed to the strips, and 
m addition secured to the first layer with wood skewers, 
driven in at an angle Any further layers are applied with 
asphalt and wood skewers 

Around doorways and along passages, particularly 
where trucks are wheeled, it is advisable to provide protec- 
tion for the insulation For places where the blows are not 
severe, a remforced cement wainscot, J in to 1 in in thick- 
ness will suffice Where the abuse is continuous and 
extreme, wood studs, to which parallel wood battens of 
sufficient strength are nailed, will serve Generally this 
protection need extend up the wall only about 4 ft 

Insulation of Cold Piping 

While pipe insulation for low temperatures embraces the 
same types of insulation as used for low temperature equip- 
ment, the thickness and methods of application difier 
considerably 

Cork pipe insulation is most generally used on piping 
conveying cold fluids The thickness depends on the 
temperature involved and on other considerations, but the 
usual thicknesses are given in the following table, which 
may be taken to apply also to other forms of insulation for 
cold piping 


Temperature 

“F 

Thickne\i 1 Approximah 
designation | thiiknesi, in 

Above 25 

Ice water I 1-2 

25 to 0 

Brine 1 2-3 

Oto 20 

Heavy brine 1 3 4 

-20 to -40 

; 1 ' 

-40 to -60 

[ 


Cork pipe msulation is furnished in single layer, semi- 
cyhndncal or segmental sections, to fit standard pipe sizes 
Cork jackets are furnished to fit screwed and flanged 
fittings. They are usually made in two half-sections for 
small sizes, and in segments for large sizes 
An alternative type of insulation to cork for low tempera- 
tures is known as rock cork, a material manufactured from 
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a loose rock wool, bonded with a waterproof asphaltic 
compound It is usually furnished with a factory applied 
waterproof jacket and in this form it has a high resistance 
to moisture infiltration The same raw material is also 
made into a soft felt about 1 in thick consisting of loosely 
felted rock wool also impregnated with asphalt 

This rock wool felt is particularly useful for the insula- 
tion of flanges and pipe fittings as it can be packed round 
irregular-shaped surfaces It is often used in this way in 
conjunction with sectional pipe covering for the straight 
lengths of pipe It is applied in several layers to build the 
insulation up to the required thickness, each layer being 
covered with waterproof tape before the next layer is 
applied so as to form a very thorough protection against 
moisture 

The sectional pipe covering is first apphed and the ends 
of the last sections thoroughly coated with waterproofing 
compound before covering the pipe fitting The insulation 
over the fitting is finally bound with a layer of waterproof 
tape covered with a trowelled coat of plastic waterproof 
compound This is illustrated in Fig 10 
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A built-up form of insulation is also sometimes used con- 
sisting of several layers of insulating hair felts carefully 
applied and sealed by interposing layers of a specially 
impregnated waterproof tape The finishing layer of tape 
IS additionally waterproofed 
All pipe hangers should be erected on the outside of the 
cork, which should be protected from each hanger by a sheet 
iron shield, approximately 6 in wide, shaped to fit the 
curvature of the insulation and extending half-way up the 
sides of the pipe Lines may be supported on wood blocks 
set in the hangers until the insulation is apphed 
Unused, or infrequently used, branch or by-pass hnes, 
leading ofi from lines being insulated, should be insulated 
to a distance not less than 3 ft from the main pipe-line 
Longitudmal joints in the pipe insulauon are made at 
the top and bottom of the pipe All insulaUon is securely 
wired in place with copper-covered annealed iron wire and 
joints and seams cemented and spaces filled with bitumen 
or paraffin-cork mastic The completed insulation is then 
finished as desu«d, usually with asphaltic pamt 
After application the insulation should be inspected, 
preferably twice a year, and loose wires tightened, any 
places where seams are not Ught putUed up with seam- 
filler, and the covering given a coat of asphalbc pamt 
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FACTORS TO BE CONSIDERED IN SPECIFYING STEEL FOR 
REFINERY SERVICE 

By T McLEAN JASPER, and CHARLES W WHEATLEY , -4 O Smith Corporation 


The use of steel for refinery service covers a wide variety 
of equipment To help the refinery engineer to select the 
most suitable material requires an appropriate knowledge 
of the problems associated with steel production as well 
as those assoaated with the fabrication and service of 
equipment 

Steel of various kinds have peculiar limitations Certain 
steels are more sensitive than others to temperature varia- 
tions, and cannot be so easily cast into large mgots without 
surface cracking or the occurrence of other defects Such 
steels are almost mvariably difficult to roll into plates 
Other steels, which will cast satisfactorily into mgots, may 
still present a serious rolling problem Metallurgists who 
are workmg with small crucible or electric heats will not 
become aware of such limitations in the experimental 
stages of investigating steels, and for this reason consider- 
able disappointment may be associated with an endeavour 
to bring such experimental steels into service, especially 
where heavy plates for large vessels arc considered 

In the selection of steel, it might be said, in general, that 
the refiner can very satisfactorily confine himself, for his 
load-carrying work, to carbon, and low alloy steels Where 
corrosion is of major importance, special steels of high 
alloy content arc available which cannot, at present, be 
produced from large ingots, nor can they be used in any 
but thin sections without excessive fabrication costs 
Means, however, have been devised to attach such thin 
plates to ordinary commercial steel by rolling, spot 
welding, or other means 

The designmg engineer, who writes the steel specifica- 
tions for his equipment, should be acquainted with the 
above facts in order not to specify uneconomical materials 
It should be understood that unnecessary restrictions which 
call for closer specified limits than necessary should be 
avoided since they increase the price of steel without 
obtaming sufficient economical returns This principle is 
very often disregarded and the wriUng of specifications 
IS cumbered with expensive restrictions which sometimes 
have httle or no real practical service value The American 
Society for Testing Materials has taken it upon itself to 
produce steel specifications for service These specifications 
are the result of a joint committee of members comprismg 
steel producers, equipment manufacturers, and equipment 
users Such specifications, when they become standards, 
have at the back of them a record of having been proposed, 
investigated by a committee of men vitally interested m 
expandmg the use of steel, and advanced through a penod 
of trial as Tentative Standards 

Until recent years specifications for quahty thick plates 
were not available When this type of material was needed, 
steel fabneators of thick-wall vessels had to resort to 
considerable experimentation in co-operation with the 
steel nulls before a satisfactory material specification was 
developed In the early stage of this development excessive 
mandatory precautions were taken to safeguard the steel, 
with the result that the pnee was high Later the quality 


factor was established on the basis of chemical and physical 
tests which had been established by experience as properly 
safeguarding the material, with the result that greater 
latitude was available to the steel producer so that his 
ingenuity in the production of steel could play a more 
important part The result was an improved steel mill 
practice and a reduction in the cost of production and 
price This could only be brought about by a close 
co-operation between the user and the producer of 
steel 

Common load-carrying steels made in heats of fifty tons 
or more cannot be commercially produced with such small 
chemical and physical specification ranges as can special 
steels Therefore, the question of allowable impurities in 
the two cases is of an entirely different order of magnitude 
Special steels may vary in price from 20 cents to SI 25 
per lb , and therefore the point of view of the metallurgist 
habitually servicing such steel production and use must be 
greatly modified if he is to service the commercial produc- 
tion and use of tonnage steels which carry a price in the 
neighbourhood of from 2 to 4 cents per lb 
In dealing with the details of specification writing, the 
chemical tolerances which have been accepted as satis- 
factoty for the economic production and use of tonnage 
steels will be considered Such tolerances can undoubtedly 
be reduced if so desired The advantages gained by such 
a reduction, however, must be eventually balanced against 
the increased cost of steel production In general, it is more 
economically appropriate to shift the commercial range 
of tolerances up or down the scale of these requirements 
rather than to narrow this range 
The following table gives the typical commercial toler- 
ances which arc used on general steels for the petroleum 
service and cover chemical composition exclusive of high 
alloy steels 

Chemical Tolerance Range 
Carbon 0 10% for low carbon requirements 

0 IS % for high carbon requirements 
Manganese 0 30% for manganese requirements 
Sulphur 0 OS % maximum for all plate steel 

Phosphorus 0 04% maximum for all plaie steel 

Nickel 0 20 % for low nickel content , 

0 50% for medium nickel content 
Chromium 0 30 % for low chromium content , 

0 50% for medium chromium coptent 
Molybdenum 0 10% for general plate steel 
Vanadium 015% minimum 

Silicon* 0 40 % for Silico Manganese Steels, 

0 15% minimum for general plate steel when 
required, 

0 30% maximum for general plate steel when 
required 

* Not specified in most plate steels 

When the above tolerances are adhered to, it has been 
found that the physical properties can be expected to be 
withm satisfactonly close lumts so that the engineer can 
design his equipment from the standpomt of safety with 
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considerable definiteness as to strength It is generally 
known that the physical strength will vary, with the same 
chemical composition, depending on the gauge of the 
fimshed plate The following table illustrates this pomt, 
and IS based on a considerable number of test results on 
0 20 to 0 30% Carbon Steel, in which case all of the 
chemical elements were restricted by standard tolerances 
It IS seen by the table that, as the thickness of the 
plate is reduced to i in and under, a higher minimum 
strength can be specified 


Relation between Strength of Plates as received and 
Thickness of Plates for 0 20 to 0 30% Carbon Steel 


Thickness 


Ultimate strength \ Yield-point 
lb per sg in \ lb per sq in 


lin 



68.000 47 000 

65,500 42,500 

62 000 39,500 

60.000 38,500 

59.000 38 000 

57.000 37 500 



ALLOYED CAST IRONS IN PETROLEUM REFINING EQUIPMENT 

By J. S VANICK, M.S , A.S.M. 

Research Metallurgist, International Nickel Company, Inc , New York 


A GREAT deal of progress has been made m the last 10 
years in the quality and properties of cast iron, and the 
petroleum refining industry has been quick to use or seek 
to employ these improvements to the fullest extent m step 
with the progress m its own field and the demands upon 
Its production departments for economy and efficiency 
This does not mean that the output of the grey iron shops 
has suddenly swung completely to a product of a high 
order of excellence any more than that the output of the 
oil refinery has swung completely to premium gasolines 


tune impose some of their influence upon the resultmg 
product A better and more economical procedure, one 
which IS customarily followed in steel makmg. consists 
of first producing the best possible base composition, then 
adding the alloys— properly balanced— to do their bit. 
Unfortunately, cast iron and steel cannot be treated in the 
same way, and the same proportions of alloys used for 
one as for the other One excepuon, if there may be one, 
is m the nickel alloyed irons, simply for the reason that 
nickel acts largely upon the iron component instead of the 



Percentages of silicon and nickel required to render castings of different section completely grey and machinable 


A great deal of plain cast iron is still produced and the 
modest 20,000 lb per sq m strength, requiring no appre- 
ciable degree of pressure tightness, can be secured without 
much concern on the part of either producer or consumer 
The broad range of properties available in modem cast 
iron— such as a stren^h of 20,000 to 60,000 lb per sq m , 
or up to 80,000-100,000 lb per sq in when heat-treated, 
and a range of hardness from 100 to 300 Bnnell, with other 
physical properties improvmg correspondingly, gives the 
equipment manufacturer or refineiy constructor an oppor- 
tunity to build up to the new properties now being ob- 
tained. 

In addition these properties are available in high-grade 
cast iron at a moderate or no increase in cost, for the reason 
that raw materials needed do not vary appreciably in cost, 
and alloys deliver more value per dollar when employed 
m castmgs than when used m wrought shapes SomeUnus 
It IS possible to miprove a poor or average grade of iron 
tqr alloying it directly and depending upon the alloys to 
correct inequabties in the ^se composition Nickel, 
chromium, and molybdenum, singly or grouped, can be 
apphed in unbalanced proportions to bring an unbalanced 
cast iron into a compositional equilibrium and at the same 


carbon of the complex iron-carbon-silicon combination 
that constitutes cast iron 

An effort to outline the action of important chemical 
elements composing cast iron is made as follows Most 
important is carbon, which is present in commerical cast 
iron from 2 5 to 3 3% In a grey cast iron of the usual 
type, at least two-thirds of its carbon is desired m the form 
of graphite This graphite content would not be present 
if It were not for the action of the element sihcon Cast 
irons contam 0 3 to 3% of silicon, which reduces the 
solubility of carbon in iron Since thm castmgs cool 
rapidly, they require a higher sihcon content to achieve 
adequate graphitization An excessive sihcon content 
causes a corresponding excessive graphitization, coarsening 
of the precipitated graphite, and an accompanying ‘open- 
ness’ of grain leading to porosity, leakage, and poor 
physical properties 

The carbon content is unportant in controlhng the 
strength of the cast iron Low-carbon irons contam less 
graphite and are consequently stronger Foundiymen can 
vary both the sihcon and carbon contents of their irons 
withm commercial himts of ±3% by suitable a4iustments 
of the mixtures they are meltmg Figs 1 and 2 illustrate 
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in a general way the influences of sihcon and carbon on 
machinability and strength 

Nickel additions to properly balanced cast irons range 
from 0 25 to 5%, sometimes accompanied by one-third 
as much chromium, i e from 0 1 to 1 5%, or molybdenum 
replacing chromium when desirable to avoid embrittlement 
or to reduce machinmg troubles In special cases, as in 
the corrosion resisting cast irons, nickel additions up to 
20% may be employed, and where low or high expansivity 
is needed, up to 40% may be employed It is worth 
mentioning at this point that foundrymen have mastered 
the production of these highly alloyed irons without 
recourse to the use of special melting equipment 

Alloying elements are classified as graphitizing types or 
carbide-forming types, depending upon whether they pro- 
mote the action of silicon in precipitating graphite from 
the iron-carbon solution or oppose this efiect and form 
carbides There seems to be no neutral position, and any 
element inactive in this iron-carbon system is likely to be 
considered inert and of little significance in affecting the 
important physical properties of cast iron Of the three 
most important alloying elements — ^nickel, chromium, and 
molybdenum — nickel isagraphitizer,chromiumand molyb- 
denum carbide formers The intensity of their respective 
effects may vary within the carbon-silicon ranges outimed 
above Thus, one part of nickel possesses approximately 
the force of { to i part of silicon as a carbide destroyer 
Chromium resists silicon upon a pomt-to-pomt basts 
Molybdenum is somewhat less powerful than chromium 
as a carbide former These alloys after being balanced 
to maintam equilibrium as regards graphitizing power, 
begm to exert their important secondary effects upon the 
iron-carbon-silicon solution by strengthening, hardening, 
toughening, &c 

A perfectly balanced plain cast iron makes an excellent 
base to build from If nickel alone is to be added, it 
would be desirable to reduce silicon or carbon to maintain 
a proper balance In some cases foundrymen arc com- 
pelled to run their soft irons, and then nickel with chromium 
and/or molybdenum additions are necessary, one element 
being the complement of the other as regards balance, while 
the effect of the alloys is cumulative Collateral properties 
of cast irons such as machinabihty, density, corrosion 
resistance, &c , require separate consideration and treat- 
ment and will be discussed first 

Machinability 

Machmability, gram refinement, density, uniformity, are 
undefinable, yet important properties of castmgs All 
these are mterrelated Usually 0 5 to 2% of nickel is used 
to develop them As menUoned above, nickel exerts a 
graphitizing effect similar to silicon, but, unlike silicon 
which may completely free an iron of combmed carbon, it 
exerts a greater solvent power for carbon Dissolved carbon 
must be diffused and not allowed to concentrate into 
lumps or colonies of carbides Pure nickel will dissolve 
carbon while silicon will not, and the presence of as little 
as 3% sihcon m iron almost completely destroys the sohd 
solubihty of carbon in iron Since much of the body and 
strength of an iron and the effect of alloys upon it depend 
upon the presence of dissolved carbon m it, nickel exerts 
a positive but restramed influence in compellmg complete 
graphitization of carbide residues, yet relinquishing its 
graphitizmg power as soon as this lumped carbon is 
diflhised and m solution 

The step-bar casting. Fig. 3, ofieis a practical means of 


illustrating these principles An iron correctly balanced 
for the J-m section will be coarser gramed than desirable 
in the 1-in section and ungraphitized and unmachtnable in 
the J-in section, as well as unmachinable along the edges 
of the i-in sections, because the effective section through 
the corner is approximately equal to half the flat section 
Thus the radius through the corner of the J-in section is 
approximately equivalent to a round bar | in in diameter 


Strength and Combmed Carbon in Castings of Varying SecUon 



Flo 3 Plain iron and alloy iron of equal chilling tendency and 
of approximately equal machinability m castings of varying 
thickness (Black area is ‘white unmachinable iron Spotted area 
IS ‘mottled’ and unmachinable ) 

If the dominating section of the casting is } m thick and 
requires 2% sihcon with 3 3 total carbon, then the J-m 
section should contain at least 2 75 silicon Since this 
sihcon would promote a coarse gram and openness, possibly 
leakage m the J-in and larger sections, the corrective of 
applying 1 5% nickel to the 2% silicon iron maintains the 
close gram of this composition for the J-in or larger 
sections and produces the necessary graphitization in the 
J-in and J-in sections to permit rapid machining For 
example, piston rings, individually cast, are frequently made 
m to 1 in thick with a 2% sihcon iron and 2 to 0 75% 
nickel, VIZ 

Table I 

Example of Improving Density, Machinability, and 
Wear Resistance 

Section 

Alloyed to im- 

Flam I density and Alloy hardened 
! machine well | to resist wear 
poorly — - , 

balanced | i m | / m | j>(in I i in \ l m 
3 30-3 50 1 , 

2 40-2 70 I 1,1 

! 150| 10 ' 060 1 20 1 50 1 0 

' ] ' j030 |030l030 

In another case, grease-gun cylinders — expected to be 
machmed at high speeds, ends threaded, finished smooth, 
with sections J in to 1 in m the castmg — were made of 
a well-balanced base mix similar to the above with 1 to 
1 5% ruckel to maintain the close gram, pressure tightness, 
and machinabihty required of this exacting production job 

Density — ^Pressure Tightness 
Pistons for reciprocating pumps, engines, and com- 
pressors represent another common problem m obtainmg 
dense, pressure-tight castmgs The following description 
and outline illustrate the case Automotive pistons (Fig 4) 
always light m section along the skirt and heavy sectioned 
m the piston-pm boss, have a characteristic habit of 


will balanced 
TC 3 20-3 50 
Si 1 80-2 20 
Ni 
Cr 
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revealing porosity in the neighbourhood of the bosses, or 
between the head and boss The condition is not discovered 
until considerable machining is done and the casUng skin 
removed or the shrink spots reached when the ring grooves 


removed restores the necessary structure and machtna- 
bility Where foundry mixtures cannot be changed, nickel- 
chromium additions, slightly out of balance but certain to 
maintain machinability at a somewhat reduced rate due 



Fig S Hardening (hm sections by direct alloying Thin sections } m to 1 1 in (I ) Low silicon 
cast iron, (2) high silicon cast iron (Diagram shows quantity of Ni Cr to be added ) 



Fig 6 Hardening thick sections by direct alloying Heavy sections up to 4 in (I) Low-carbon 
cast iron, (2) high-carbon cast iron (Diagram shows quantity of Ni 4 Cr to be added ) 


are cut The soft iron needed to keep the skirt machuiable 
opens the gram and encourages shrinkage in the heavy 
sections A reduction in sihcon content of 0 1 to 03%, 
readily achieved by using a sufficient quantity of steel 
scrap in the charge, promotes a closing of the grain, while 
a nickel addition equal to double the amount of the silicon 


to the accompanying hardening effect, can be applied as 
shown m Table II 

Wear Reastance 

Table I illustrates in general the manner m which har- 
dening IS accomplished Hardness may not be synonymous 
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Table n 


Improving Density with Ni or Ni-Cr Additions 



with wear-resistance if microstructure is ignored, but 
hardening an iron by preserving its basically good struc- 
tural qualities and building up hardness by means of 
balanced additions of alloys as illustrated above (Table 11) 
has repeatedly demonstrated an ability to resist wear It 
might be interestuig to add that these correctly balanced 
alloyed cast irons are not only hardened but strengthened 
and toughened as well A good wearing machinable hard- 
ness of 200 to 280 Brmell in the ‘as cast’ condition can be 
selected from an inspection of Figs 5 and 6 Pump Imers, 
valve parts, engine and compressor castings (Fig 7), are 
typical refinery castings treated in this way 
Results of wear tests [4, 1932] made in the working 
parts of pumps illustrate in the following data the 
practical application of the principles described 

Tabue III 


Wear of Plain or Alloy Iron 



TC 

Si 

Ni 

Cr Brineil 

lyear-iveight 
loss, mg persq 
in , after 20 hr 

Plain cast 

iron 

AUoy cast 
iron 

340 

3 42 

2 20 

228 

123 

170 

0 21 200 

75 

35 


Similar evidence has been presented by Bornstem [2, 
1929] from operating tests on tractor-engine cylinders 
Nickel-chromium alloy iron cylinders containmg 0 68% of 
nickel and 0 22% of chromium were 26 points higher in 
Brmell hardness and showed only 68% of the wear of plam 
cast-iron cylmders 

Heat Treatment 

Some castings, such as pump and engine liners, cam- 
shafts, &c , are heat-treated either to develop strength or 
hardness for resistance to wear (Fig 8) Castings may be 
softened by an annealing at 1,100-1,3(X)°F , after which they 
are rough machmed at a hardness of 170 to 220 Brmell 
They are then gradually heated to 1,450-1,530” F, oil 
quenched to a maximum hardness, after which they are 
tempered and toughened by heatmg to some temperature 
between 400 and 1,000° F The procedure is limited to 
simple and symmetrical shapes Cored-out castings of 
complicated shapes are too susceptible to warping and 
cracking to be heat-treated They are best strengthened or 
hardened by the direct alloying procedure described in 
Figs 5 and 6 and Table II. 
m 


TensOe Strenglli 

The strength commercially obtamable m grey iron has 
gradually and consistently been moved up from a 20,000 to 
30,000 lb per sq in level to as high as 50,000 to 60,000 lb 
per sq m Most of the common cast irons to-day are 
produced m the 25,000 to 35,000 lb persq m tensile range, 
but where strengths are important the upper levels have 
been developed without much difficulty In special cases 
cast irons possessmg strength exceedmg 65,000 lb persq m 
and heat-treated grades up to 100,000 lb per sq m are 
bemg made (Tabic IV) 

Table IV 


Effect of Quench and Drawback upon the Tensile 
Strength of High Strength Nickel Cast Iron 



Alloys arc almost indispensable to the everyday pro- 
duction of high-strength irons One of the outstandmg 
characteristics of nickel-alloyed irons is their ability to 
level off irregularities in producUon conditions such as 
occur due to minor shifts in composition, pouring tempera- 
tures, shake-out, and coolmg conditions, &c , which may 
adversely affect the strength of ordinary cast irons 

Piwowarski [7, 1934] describes these effects thoroughly, 
and emphasizes the effectiveness of nickel with chromium 
or molybdenum in obtainmg umformity and reproducibihty 
m high-grade cast irons 

The American Society for Testing Materials m 1932 
issued A S T M Tentative Specifications for Gray Iron 
Castings (A 48-32 T) [8, 1932] including castings for high- 
strength applications The data of Table V are abstracted 
therefrom 

Table V 

Classifications of Cast Iron, from A STM Tentative 
Specifications A 48-36* 

Minimum tensile Transverse strength, lb 
strength, lb per load for I 2 in diam 

Class sq In barulS-m span 

20 20,000 1,800 

25 25,000 2,000 

30 30,000 2,200 

35 35,000 2,400 

40 40,000 2,600 

50 50.000 3,000 

60 60,000 3,400 

* Am Soc Tesung Mats Stds , 1936, p 757 

The class 40 and 50 range of properties is met easily by 
mckel-chromium cast irons as is evidenced by the data of 
Table VI taken from a technical buUetm of the International 
Nickel Clompany 


Qq 
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Table VI 

High-test Attoy Cast Iron 

Tensile Strength 40,000 per sq in to 48,000 per sq in 



Oass 60 specification or better is met readily m nickel 
alloyed grey cast irons through the agency of special 
melting uivolving the use of over 60% of steel in the cupola 
This type of iron has been trade named ‘ Ni-Tensyliron ’ A 
great many foundries are producing it to meet the 50,000 lb 
per sq m specification, and several are bettenng the 
60,000 Ib per sq m specification regularly By specul heat 
treatment 15,000 to 25,000 lb persq m additional tensile 
strength is obtainable as shown in Table IV 
The composition of Ni-Tensyliron may be varied over 
a ikirly wide range to accommodate vaiymg sizes and 
thicknesses of castings The general range is given m 
Table VII 

Table VII 

Composition of Ni-Tensyliron 
Total carbon 2 50-3 15% 

Manganese 050-090% 

Phosphorus 015% max 

Sulphur 0 12% 

Silicon 1 20-2 75% 

Nickel 100-4 00% 

Chromium or molybdenum 0 0-0 50% 

In some cases slightly higher strengths are obtamed, 
particularly m heavy sections, with addiUons of 0 35 to 
0 5% of either chromium or molybdenum 
The full ranges of properties obtainable ui irons of this 
class are given m Table VIII The relation between com- 
position and strength ranges is outlined in Fig 9 


Table VIII 


Physical Properties of Ni-Tensyliron 


Transverse breaking load* 
Deflection 

Tensile strength (arbitration 
bars*) 

Compressive strength 
Elastic modulus (tension and 
compressiont) 

Brinell hardness^ 

Faugue hmit 


4,500 to 8,000 lb 
on to 025 m 

50.000 to 75,0001b per sq in 

165.000 to 190,0001b persq in 
20,000,000 to 23,000,000 lb per 

sq in 
220 to 320 

50% to 57% of tensile strength 


* li in round — 12 in centres 
t Up to proportional hmit or up to 25% UTS 
2 Parbcular value obtainable depends upon sihcon and mckel 
content 

UTS >= Ultunate Tensile Strength 


The uniformity of Ni-Tensyliron m heavy sections is 
shown by the data of Table IX which is due to MacPherran 
[5, 1929], who has shown that the Bnnell hardness of plam 
grey iron vanes from 22 to 30 pomts from the outside to 



Per Cent Silicon 

Fio 9 Ranges of silicon and nickel in which high-strength iron 
IS obtained 

die centre of 4-m rounds, whereas high-strength nickel 
cast iron is uniformly hard throughout similar sections 
The strength throughout the heavy section is well mam- 
tamed while the strength of ordinary cast iron may decrease 
50% or more m the core of heavy secuons 

Table IX 

Properties of Cast Irons in Heavy Sections 




High 

1 Ni-Tensyllron 

Property 

iron 

iron 

A 

B 

C 

Tottl carbon 

3 25 

2 95 

260 

2 70 

2 92 

Silicon 

1 40 

100 

157 

171 

1 45 

Nickel 

none 

1 10 

1 34 

2 42 

4 01 

Tensile strength 4 in j 
round per sq in 
Outside 

29,000 

41,800 

59,000 

68,600 

55,000 

Centre 

16,150 1 

31,400 1 

45,600 { 

48,200 

42,200 


The Ni-Tensyl type of cast iron finds application for 
pumps, compressors, engines, valves, and other pressure 
castings subject to considerable load. 


Impact Resbtance 

Some cast-uon apphcabons such as valve, pump, plug- 
cock, and compressor parts, require more than an 
ordinary degree of toughnm Curiously enough, the high- 
strength alloy irons of the hfi-Tensyliron type gener^ 
possess a high deflecuon and resist impact welL Fluently 
the impact strength of the Ni-Tengyliron types will be two 
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High Temperature 

Cast iron operates in many of the hot, unfired, low- 
pressure apphcations under the traditional limit of 450° F 
set by several engineenng committees If specifications 
hmiting the degree of growth and mcludmg an outline of 
an acceptable composition range are not set, the 450° F 
temperature limit would better be retained However, cast 
irons are available which can be employed for unfired 
pressure vessels at temperatures up to 700° F and with 
special care for temperatures up to 900° F The low- 
carbon, low-silicon types described as pearhUc irons make 
the best base composiUons, to which suitable additions of 
heat and deterioration resisting alloys, such as nickel and 
chromium in proper balance, are added Tables XI, XII, 
XIII, XIV and Figs 10, 11, and 12 illustrate the difierence 
in detenoration rate 


or three times better than that of the plain irons The 
impact test committee of the A S T M [9, 1929], reporting 
upon some 30 tests in which a plain and mckel-alloyed 
cast iron were included, compared various cast irons by 
dropping a 100-lb weight from successively higher leveb 
on a 4-m span of a 1 2 m diameter bar A comparison 
of Ni-Tensylu'on and plain iron follows 

Tensile strength I Drop — in I Average 


data appear in Table X 


Low-temperature Impact 
Some operations have been conducted at temperatures 


reaching —50° F Many matenals become brittle at these 
temperatures, and while cast iron is not affected to the same 
degree as steel, it loses some toughness The nickel- 
alloyed high lest and Ni-Tensyliron types not only possess 
better impact resistance at normal temperatures but retain 
more of their toughness at low temperatures, as shown m 
Table X 

Table X 

Low-temperature Impact Properties of Alloyed and 
Plain Cast Iron 


' Ni I Cr 


2 76 I 2 02 I 1 75 , 


Foot-pounds* 
temp I —45* i 


Plain Cl 
Nickel C 1 1 
Ni-Resist C I 
Invar C 1 

* Bar 1 20 in dia x 6 in — broken ‘as cast' 
t High test type (develops up to 60 ft lb ) 
i Values as high as 70 ft -lb have been developed ii 

For service at freezing temperatures, therefore, cast-iron 
equipment which operates successfully at normal tempera- 
tures should be constructed of alloyed, high-test nickel 
cast iron, or Ni-Tensyliron Compressors, pumps, filters, 
and other parts of the refrigeration and circulation systems 
have been built of these tougher alloy-irons 



softer grades 


Number Of Dags At Temrerature 

Fig 10 Plain cast iron of 2% silicon showed greatest growth 
subjected to steam at 900° F A nickel-copper-chromium cast iron 
showed the least See Table XU 

Cylinder heads, compressor parts, valves, regulators, low- 
pressure return bends, exchanger and condenser castmgs, 
pumps, &c , subjected to long periods of heating may not 
require irons of unusual strength, but do require that their 
onginal physical properties do not detenorate appreciably 

Fig 13 summarizes results of quick, elevated temperature 
tests upon a number of cast irons No 6 is a malleable 
iron base specially processed, while nos 7 and 8 would 


Table XI 

Stability of Cast Iron at IJXXP F 


Composmon, % 


Volume Increase % 
after Indicated lime 

Brinell Hardness after 
indicated time 

Taut ; 1 j 

72 

IMt 

303 ' 422 

S42 { 662 

1 

231 

330 1 422 

342 

662 

carbon | Silicon \ Nickel \ Chrommm | 

hr 

hr 

hr hr 

hr ' hr 

Slarl 1 hr 

hr 

hr hr 

hr 

hr 

344 ' 196 , 1 

2 16 

2 97 

3 74 3 86 

4 12 1 4 17 

179 1 103 

95 

102 ' 105 

89 

101 

3-41 1 97 , 1 73 1 0-60 

068 

1-06 

1 57 1 1 37 

I 78 1 1 82 

217 1 179 

163 

168 1 165 

156 

156 


Table XII 



Original 

18,400 

32,900 

43.000 

47.000 
24,050 


13.840 

32.840 

39.720 
54,760 

27.720 


10,600 

27.200 
41,300 

55.200 
28,400 
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reqiure special melung methods other than the cupola It 
IS evident from a comparison of cupola irons 2 and 3 and 
also from a comparison of high-test types nos 4 and S that 
low-sihcon, low-carbon alloyed cast irons are best fitted 
for high-temperature loading 
Creep tests were made by Allen [1, 1931] on three of the 
irons described above It is interesting to compare the 
low-silicon, nickel alloyed, moderate strength grey iron 
with Its unalloyed compamon as shown in Fig 14 and 
Table XV It is apparent that a high-test iron, sufiSciently 



■ponds to no 4 

Table XV 


After 2,015 hr under Load at 700“ F the Test Bars were 
removed from the Creep-test Apparatus and subjected 
to the Tension lest at Boom Temperature 



low m silicon, and fortified with alloys in the manner 
illustrated in Iron no 5, above, would excel the unalloyed 
high-test iron both in initial strength, creep strength, and 
resistance to deteriorauon An outline of suitable com- 
positions IS suggested in Table XVI below 


Table XVI 


Ltnuting Temperature 45(F F A STM Class 30 or less, 
le under 30,000 lb per sq in 


TC 


Cr and! 
or Mo 


Light secuons 
down to i in 3 40 max 
Heavy sections up 
to 2 in 3 40 max 


2 50 max 
1 50 max 


150* 015* to 030* 
1 50* 0 40* to 0 70* 


• Opbonal for lower strength range Necessary for stabihty at 
upper strength range 


Limiting Temperature 600P FAS TM Class 30 to 60, 
ie 30,000 to 60,000 lb per sq in. 



TC 

Si 

Ni 

Ctandl 

Light sections 

down to I in 

3 20 max 

210 

125-2 0 

015-0 35 

Heavy seebons up 
to 21m 

3 20 max 

160 

125-2 0 

030-0 60 


Limiting Temperature 75(F F A STM Classes 40 to 60, 
I e 40,000 to 60,000 lb per sq in 


Light sections 

Heavy sections up 
to2iin 


TC i ^ 

3 00 max 2 00 1 
3 00 max 1 20 


Ni 

1 50-2 50 
I 1 50-2 50 


Cr and! 

015-0 35 
0 30-0 60 


Where creep may proceed to the extent of several per 
cent , as in some unfired pressure vessels such as heat 
exchangers, valves, pumps, return bends, fittmgs, &c, 
close specifications upon composition, strength, and growth 
are obviously necessary, or irons which possess one of 
these qualifications, such as strength, might readily fail in 
resistance to creep or growth Good practice suggests 
further that castings for elevated temperatures be subjected 
to a stress-relief anneal, consisting of heating slowly to 
some temperature up to 1,000° F max , but above the 
highest casting operating temperature, to eliminate stresses 
mtroduced dunng casting 

Where machinability is unimportant as for firebox and 
still tube supports, which are not excessively heated or 
loaded, alloy additions to low-sihcon (under 1 S%) irons 
containing from 1 25 to 2 5% nickel and 0 6-1 % chromium 
give good results (Table XVII) 

The upper alloy ranges shown in Table XVII produce 
a hardening of the cast iron which limits the degree of heat 
resistance obtainable, particularly where machinability is 
important, and the unprovement illustrated by Tables XI, 
Xlll, and XIV can then be excelled only by employing 
one of the high-alloy types of cast iron such as Ni-Resist, 
which IS desenbed more fully later 


Table XVII 

Composition Range for Castings requiring Moderate Heat 
Resistance not subject to Internal Pressure and Non- 
machinable 

% 

Total carbon 3 10-3 25 

Silicon 0 75-1 50 

Manganese 0 60-0 80 

Nickel 1 00-2 50 

Chromium 0 50-1 25 

The nickel-chromium cast irons illustrated m Table XVII, 
m the relatively sunple composition shown and in about 
a 1 to U-in section, would be completely destroyed in 
about 12 to 15 months at 1,100“ F , while the plam cast 
iron would fail m about 6 months Several courses remam 
open to deal with this problem 

First, limit the workmg temperature to a maximum of 
900-1,000“ F 

Second, employ about twice the alloy content, i e 3 to 
4% nickel with 1 to 1 25% chromium to obtam a cone- 
spondmg unprovement 

Third, use Ni-Re$ist which, as desenbed later, possesses 
8 to 12 tunes the resistance to detenoration shown for 
plam cast iron and may be employed for somewhat higher 
temperatures than l,ici0“ F 

Fourth, equip entuely with heat-resisting alloys of the 
steel type, such as shown m Table XVIII 

These separate suggestions require a little amplification 
The second one, recommendmg a 4% Ni, 1 25% Cr, type 
of cast iron is bemg employed as kiln Imer m the cement 
mdustry where its hardness helps to resist abrasion as well 
as heat It should not be employed if extensive machuung 
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IS necessaiy because its hardness may exceed 3S0 Bnnell, 
although It IS gr^ and possesses the toughness of grey 
cast iron m comparison to the brittleness of white non- 
graphite u-ons 

If high degree of permanence is necessaiy the Ni-Resist 
composition, austemtic, non-magnetic, and corrosion 
resistant as well as machinable, can be applied for tempera- 
tures above 600“ F and under 1,300“ F as shown m 
Tables XI. XIII, and XIV, Figs 10 and 11 taken from 
Wood’s [11. 1933] work After makmg a growth test on 
a senes of commercial matenals, Wadman [10, 1930] 
selected Ni-Resist for furnace parts heated at 900-1 ,300° F , 
and heat-resisting alloys for higher temperatures Results 
ofhis tests appear m Fig 15 



Fio IS Growth after SOdays' heating Annealing heat » 1,400° F 
for 96 hr 1st cyclic run =- raise temperature in 8 hr from 900 to 
1,400° F Hold 8 hr at 1,400° F Cool 8 hr to 900° F Repeat 
daily for 10 days, 2nd and 3rd cyclic run same as first 


Compositions in Fig 15 



The toughness of Ni-Resist is considerably greater than 
that of ordinary cast iron, as indicated m the impact data 
of Table X as well as m deflection tests Its strength is 
about the same as that of plam cast iron, and at best reaches 
a 30,000 to 40,000 per sq m tensile level At elevated 
temperatures, quick or short-time tests (Fig 13) show that 
Its strength falls rapidly m the range of 800-1,400“ F as 
IS true of all cast-iron base materials Most important m 
coimexion with its use at elevated t«nperatures is the fact 
that Its strength remams unchanged over a long penod of 
time, while the low-alloyed irons and plam irons detenorate 
rapidly so that after a few months’ service at high tempera- 
tures their strength and body are completely destroy^, as 
shown m Tables XII and XIII In order to summarize 
these facts and outline suitable compositions, Table XVm 
IS offered, based upon castmgs of 1-m sections 


Table XVIII 
Firebox and Still Castings* 



condition of atmosphere, particularly of sulphur, in furnace 

t Contains 6% copper or 20% nickel 

Corrosion Resistance 

Almost every conceivable form of corrosion is encoun- 
tered in rcfinciy operation Acids, caustics, saline solutions, 
liquids, tars, hot, cold, aerated, agitated, turbulent, 
stagnant, erosive, wet, dry, vapours, represent some of the 
conditions encounter^ Fortunately, nearly all of the 
mildly alloyed nickel or nickel-chromium cast irons possess 
a moderately good resistance to most corrosives Some of 
the improvement is due to the inherent resistance conferred 
by the alloys, the remaining improvement comes from an 
attendant refinement in the structure and texture Many 
castings, such as condenser pipe sections, fittings, manifolds, 
traps, regulator valves, pumps, bubble caps, and trays, 
&c , are moderately alloyed to obtain a mild increase m 
corrosion resistance ranging from 20 to 200% In most 
cases light castings such as tbin-walled pipe or condenser 
castings, &c , will contain 

_ Th iekn eit I TC | Si | Ni _|_ Cr_ 

J-Jin 1 3 10-340 \ 1 80-220 j 050 ' j 020 

Heavier castings such as pumps, bubble caps, valves, and 
control devices will contain three Umes as much alloy to 
compensate for their thicker section, viz 

7A«rfcue«_|_T_C [_ Si | Ni | Cr 

J-2 in I 3 00-3 40 j 1 20-2 00 | 1 50-2 50 | 0 50-0 75 

When chromium or silicon are not particularly useful, 
as in caustic, hydrochlonc, or similar corrosives, chromium 
free, low-silicon compositions may be most useful, viz 

Thickness | T C 

i-1 irT I 3 10-3 
1-3 in I 2 80-3. 

Where conditions are especially severe the Ni-Resist 
composition of the nickel-copper-chromium'or copper-free 
type are employed, viz 

Section T C Si Ni Cu Cr 

F-l in 2 60-3 10 1 40-1 80 13-15 5-6 1 50-2 50 

Copper free 2 60-3 10 1 40-1 80 18-22 under 0 30 2 00-3 00 

l-2Jln 2 60-3 10 0 60-140 13-15 5-6 2 00-3 50 

Copper free 2 60-3 1^0 60-1-40 18-22 under 0 30 2 00-3 50 

In many instances the characters of the corrosives en- 
countered defy defimtion. They may be mildly acid one 
day and caustic or brackish the next. In such cases a great 






deal of useful data has been obtauied by means of the 
corrosion spool test In this test a senes of cast-iron 
specimens are prepared, weighed, and mounted on an 
insulator with insulating spacers between them to eliminate 
electrolytic or galvamc corrosion After a long enough 
penod of exposure to eliminate the effects of day-to-day 
variations, the spool is removed and the specunens cleaned, 
weighed, and critically cxammed In some cases the 
advantage of one composition over another is so distinct 
upon visual inspection that further work is hardly neces- 
sary Fig 16 illustrates this The supenor performance 
of Ni-Resist m these pilot tests leads to its gradual mtro- 
duction and finally widespread adoption for many refinery 
applications Its greater resistance to wear, Table XIX, 

Table XIX 

Weight Loss in grams of Austenitic and Ordinary Cast Irons 
under Erosive Conditions (Mather and Platt, Ltd) 

I ‘Ni-Resisl’ j 

Mixture j type allor 1 Cast iron 

Sand and water SO-SO j 14S I 320 

Coal dust and water SO-SO 18 < 84 

Cinker and water SO-SO ; 144 | 320 

over the ordmaty cast irons or the soft brasses and bronzes, 
and lU abihty to ensure hotter temperatures rapidly 
increased its commercial usefulness Ni-Resist worked 
well against most corrosives whether acid base or salt, and 
the ever-shiftuig character of some refinery soluUons made 
It more or less an all-purpose, low-cost construction 
material Figs 17, 18, and 19 mdicate its acid, caustic, and 
salt-water performance A summary of tests upon typical 
refinery corrosives has been separately prepared [6] 
Cooper-Bessemer Corporation prior to its applicaUon of 
Ni-Resist for compressor heads, cyhnders, and pistons 
made the test summarized m Table XX 


Table XX 

Exposure to Saturated Hvdrogen Sulphide in Water 
at 180° F [10] 

Weight Loss, grams per square metre 

\ too \ 200 300 400 

Material | hr \ hr hr hr 

‘Ni-Resisi’ S9 68 83 45 83 45 83 45 

Semi-steel (1 2i%i>tu;l) 79 05 189 10 221 65 248 00 

Kiston-ring cast iron I 156 55 215 00 252 65 294 50 

Machine steel (0 35 lo 0 45% I 

carbon) i 85 25 217 90 310 00 362 70 



0 5 10 15 20 25 30 

Per Cent Nickel in Cast Iron 


Flo 1 8 Effect of nickel additions to cast iron ‘ Ni-Resist ' of 20 % 
nickeI-2% chromium resists boilmg caustic corrosion 


Average Loss in Mgins.per Sq In 
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Shaffer and Pollock, reporting upon extensive tests of 
condenser materials, wrote 

‘A few ferrous alloys tested m the stream from dis* 
filiation of acid-treated naphtha showed that metals of 
the 18-8 (chromium-nickel) type show good resistance 
and that cast uon is more resistant than steel, while 
small additions of copper to cast iron appear to lessen 
Its resistance, low-chrome steel shows only low resis- 
tance to this type of corrosion An alloy cast iron of 
the following composition, mckel 12-15%, chromium 
24%, copper 5-7%, siLcon 15%, total carbon 3% 
and the remamder iron, has proved very resistant m 
such a service Cast iron, on account of its low cost 
and moderately long service, is reasonably economical, 
but a trial of the above alloy may justify the higher 
capital expenditure ’ 

More recent work by Pollock, Camp, and Hicks was re- 
ported in the February 1935 AIM and M E Symposium 
on ‘Metals in Oil Refining Equipment’ An attempt to 
abstract some of the data on cast iron is made m Table XXI, 
but for complete informaUon the reader is referred to the 
200 or more samples and approximately 35 test conditions 
compiled by the staff of Humble Oil & Refinmg Company 
as a contribution to progress in the oil industry 
Hamsberger [3, 1935], ‘Materials Used in Refinery 
Pumps’, in a report surveying pump materials refers to the 
successful applicaUon of Ni-Resist among other materials 


Table XXI 

Results of R^nery Corrosion Tests 




Total Hours Run 


Fio 19 Diagram showing corrosion rate of Ni-Resist compared 
with cast iron and gun metal in aerated sea water (Metalturgla, 
8, 43 (1933)) 
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for bners, fluid ends, valves, wearing nngs, shaA sleeves. &c , 
in cold service, reflux, bot-oil pump liners, and gas- 
absorption plants Bubble caps of Ni-Resist are being 
tested in a number of refineries 
Exposure tests of 6 months’ duration of Ni-Resist at 
300 lb per sq in pressure and 700° F , m a tower takmg 
gas oil charging stock from mid-Continent crude, gave 
the foUowmg results 


Cap 

Top 

2 


Table XXII 
Bubble Cap Corrosion 
Weight in oil 
Final 


Weight loss includes broken tooth 



The trays of cast iron m the lower end of this tower 
were badly attacked 

The tests are being repeated with Nt-Restst in the 
bottom trays 

In another large mid-westem refinery a tower operatmg 
on all kinds of stock at a pressure of 300-50 per sq m 
and a top temperature of 650-750° F and a bottom 
temperature of about 750° F showed the following results 
after cleaning (by sand blasting) and weigtung caps that 
had been in service for 3,135 hr 


Tray no 
Top 


Table XXIII 
Bubble Cap Corrosion 
Average weight loti oz percap\ 
Call iron | Ni-Resist | 


Bottom 
Avg (excluding no 4){ 


Caps had been grouped in accordance to their positions 
on each tray and average weight losses measured In 
addition, observabons were recorded to the effect that 
nearly 25% of the plam cast iron caps were cracked or 
broken and that all caps were badly pitted, mdicating 
localized corrosion of greater seventy than registered by 
the average weight loss The caps have been replaced and 
will be corroded to destruction The tests thus far indicate 
that a further advantage over the two to fourfold im- 
provement will accrue to the Ni-Resist caps, as their better 
surface condiuon resists the recepbon and retenbon of 
corrosive vapours 

Condenser corrosion is a troublesome matter in many 
refinenes, especially m the top seebons where temperatures 
are high and the vapours begm to be converted into hquid 
Figs 20 and 21 show some of the condibons of corroded 
pipe and condenser seebons after a short tune m service 


Condenser sections, pipe, pumps, valves, meters, traps, 
filters, bubble caps, &c, are typical castings regularly 
bemg produced of Ni-Resist 


Abrasion Resistance 

An extremely hard, white cast iron, unmachinablc and 
possessing, when sand cast, a hardness in excess of 600 
Brinell, has been developed and trade named ‘Ni-Hard’ 
It contains approximately 4 to 5% of nickel and 1 5 to 2% 
of chromium and is achieving increasmg importance in 
castmgs subject to abrasive conditions 



Flo 22 Properties of 'Ni-Hard' and plain cast iron Total carbon 
approximately 3 S %, silicon, 0 9S to I 0 % 


A comparison of its strength and hardness with plam 
cast iron IS shown in Fig 22 Its properties are summarized 
m Table XXIV 


Table XXIV 

Properties of Alloyed Chilled Bon 


Bnnellon chilled surface 
Tensile strength of grey 
core 

Total carbon 
Silicon 
Nickel 
Chromium 


High carbon 
650-700 


Low carbon 
575-650 


30,000 1b /in 

3 00-3 50 
0 50-1 0 

4 25-4 75 
140-1 80 


40,000 lb /in' 
2 50-3 00 
0 50-10 
4 25-4 75 
140-1 80 


The Ni-Hard type of alloy cast iron attams Bnnell 
hardness values on the chilled face of from 500 to more 
than 750 At the same time strength and toughness are 
mcreased greatly, so that it is a very useful material for 
resistance to wear and abrasion Up to a hardness of 
about 500 Bnnell the alloy can be machmed with carboloy 
tools There are certam places in refinery operation where 
this material could be useful, for example m pumps 
handlmg clay. Fuller's earth suspensions, gntty oil, 
such as sludge^ke mixtures or gntty water and m tube 
cleaners 
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FERROUS METAL TUBES FOR REFINERY SERVICE 

By H D. NEWELL 

Chief Metallurgist, The Babcock & Wilcox Tube Company, Beaver Falls, Pa 


(ft) Introductory Remarks 

The technology of petroleum refining has advanced 
tremendously within the last 10-year period Demands for 
quality lubricants, for high anti-knock, gum-free gasoline, 
and for other more specialized petroleum products have 
led to many changes in refinery apparatus Umts for 
topping, cracking, rc-forming, and stabilizing have been 
continuously changed and improved so as to obtain quahty 
products and high yields The dewaxmg of lubricatmg 
oil, solvent-refining processes, hydrogenation, and, more 
recently, polymerization of r^nery and natural gases to 
produce polymer gasolme have added to the complex 
problems mvolved in securing adequate materials of 
construction The search for suitable materials has been 
governed by the service requirements of the particular part 
and by the ever-present need for safety and economy 

Oil refining is mainly a senes of thermal processes, 
combined, m some cases, with chemical processes The 
severe nature of the service requirements and the rapid 
changes occurnng in crude-oil supplies and in refinery 
processes themselves have made it essenUal that engineers, 
research workers, and refinery technologists keep abreast 
of requirements 

Tubes and pipe for topping stills and cracking furnaces, 
vapour hnes, refinery piping, and heat exchangers and 
condensers form important items of the equipment used 
This article concerns itself with a critical review of the 
properties of alloy steels in present use in these forms 
and considers only ‘seamless’ tubing, which is almost 
exclusively used because of its well-known features of 
safety and reliability 

(b) Historical Sequence of Development 

Until 1928, plain low-carbon steel was the only ferrous 
tubular matenal in common use Even to-day it may be 
considered the basic material for service where the cor- 
rosive conditions are mild and where temperatures and 
pressures are not excessive The demands for higher 
temperature operating conditions and the excessive cor- 
rosion of carbon steel, encountered when processmg sour 
crudes, led to a trial, during 1927, of 16 5-18% chromium- 
iron alloy tubes A few months' service indicated that such 
an alloy had exceptional corrosion resistance, but developed 
brittleness which led to several failures duruig cleaning 
operations Because of this disadvantage the alloy was 
found unsuitable for general application Alloys of 20- 
30% chromium with iron exhibit the same tendencies 
towards brittleness and have not found extended use except 
for certam vapour-phase gas-cracking operations In this 
service the tubes are carefully guarded from shock when 
cold. AccordingtoCurme[13, 1927], their high chromium 
content inhibits undesired catalytic effects at operating 
temperature, and thus retards deposition of carbon within 
the tubes 

In spite of considerable mvestigation, the tendency 
towards brittleness of plain chromium-iron alloys con- 
taining over about 16% chromium has remained charac- 
teristic of these alloys. Consequently, they have been used 


to a limited extent only, and, when used, this tendency 
towards embrittlement is taken into account 

The 18% chromium-8% nickel alloy, generally referred 
to as 18-8, was mtroduced to the refining industry m 
1928 Since then it has made an enviable record under 
severe operating conditions because of its excellent resis- 
tance to oxidation and corrosion, and its high creep 
strength Abuse and lack of knowledge of the alloy’s 
characteristics caused early failures but, when certain 
changes in operating practices and furnace construcuon 
were made, the alloy became much more reliable Many 
of the original tubes suffered little or no corrosion m 
6 to 7 years’ operation The results of these and other 
installations indicate that length of life under proper 
conditions of operation is mdefinitely long A bnef 
summary of characteristics of the 18-8 alloy is given in 
a later secUon of this article 

During the period between 1928 and 1930 experiments 
were earned on, notably by Dixon [16, 1934], who m- 
vestigated the possibilities of alloys of lower chromium 
content Tubes of 4-6% chromium type alloy came into 
commercial use during 1930, and modifications containing 
tungsten, developed by Malcolm [24, 1933], and molyb- 
denum, as proposed by the writer [30, 1933, 32, 1935], 
made their appearance shortly thereafter. A steel con- 
taining a higher chromium content — with a tungsten addi- 
tion, nominal composition 12% chromium-3% tungsten — 
has been advocated by Browne [8, 1933] Tubing of such 
matenal is claimed to bulge prior to bursting when over- 
heated, and in this respect is similar to tubing of plain carbon 
steel Intended as a substitute for the 1 8-8 alloy, it has not 
found extended application, for the reason that it is 
pracucally as expensive as 18-8, but has lower strength 
and somewhat mferior resistance to corrosion and 
oxidation 

In the past 3 years lower alloy steels for oil cracking have 
been developed These steels contain smaller percentages 
of chromium than those mentioned above In addition to 
chromium they contain molybdenum, generally 0 5% or 
more, to improve strength and to eliminate any tendency 
towards cold embrittlement In some cases silicon is sub- 
stituted in part for chromium to increase resistance to 
scaling Carbon steel has also been improved m high- 
temperature strength by the addition of molybdenum, but 
this element does not enhance resistance to corrosion or 
scaling 

In short, a wide variety of steels having special pro- 
perties have become available for refinery work within the 
past 7 years These range from plam steel to a highly 
alloyed steel containing 25% chromium and 20% nickel, 
which alloy has only recently become available m tubing 
made by the seamless piercmg process 

(c) Influence of Alloying Elements 

Davenport [14, 1935] described the charactenstics of 
alloy steels before the Sixteenth Annual Meeting of the 
API, 1935 A somewhat more concise description of the 
mfiuence of the prinapal alloyuig elements with relation 
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to their effects m tubing material for high-temperature 
service is given herein Alloy steels are practically indis- 
pensable to safe and economical refining operations, and 
the trend is towards their mcreasmg use as operatmg 
conditions become more severe The increase in operating 
temperatures and pressures in various cracking processes, 
the handling of sour crudes and corrosive products, with 
the consequent necessity of improved strength and resis- 
tance to corrosion and oxidation, are factors tending to 
increase the use of suitable alloys In short, modem 
operaung practice demands alloy steels for safety and 
economy 

While there are numerous elements which affect harden- 
ability, mechanical properties, corrosion and scale resis- 
tance, and other properties of iron-carbon alloys, the most 
important elements, in so far as they refer to refinery 
tubing, are chromium, nickel, molybdenum, silicon, and. 
to a lesser extent, tungsten, vanadium, manganese, copper, 
aluminium, titamum, and columbium 

The effects of these mdividual elements when added to 
low-carbon steel are given briefly in the following state- 
ments 

Chromium. 

Chromium is perhaps the most important element that 
IS added to refinery steels Its effect, with or without the 
addiUon of nickel, m increasing the resistance of iron 
alloys to corrosion m various media is well known and is 
exemplified m the wide variety of stainless steels now 
available — steels containmg about 12 to 30% chromium 
Chromium is particularly effective in increasing resistance 
to hydrogen sulphide, elementary sulphur, and organic 
sulphur compounds at elevated temperatures Dixon [17, 
193S] has published a curve, reproduced in Fig 1, showing 



Fic I Relation of corrosion rate to chromium content of steels 
when handling certain corrosive crudes at high temperature and 
pressure {After E S Dixon) 


that even small amounts of chromium are of value in 
mcreasmg resistance to corrosion by corrosive crudes at 
high temperature and pressure When the chromium is 
mcreased to 18%, as m the 18-8 alloy, the metal becomes 
pracucally non-corrodible by the most corrosive oils 
Mead, Shaffer, and Camp [26, 1930] have contrasted the 
corrosion of 18-8 tubes with carbon-steel tubes when 
operatmg on West Texas gas oil, statmg that 18-8 tubes 
under the most severe conditions show but slight increase 


m inside diameter, whereas carbon-steel tubes had to be 
frequently replaced because of internal corrosion 
The enhancement m corrosion resistance conferred by 
chromium is accompamed by greater resistance to oxida- 
tion at high temperatures The mechanism by which 
chromium creates resistance to oxidation is similar to its 
action in conferring corrosion resistance through forma- 
tion of a passive surface film This imdoubtedly involves 
formation of a tight surface layer of oxide whudi protects 
the underlying metal from attack With extremely high 
chromium contents, i e 20% or more, this protection 
extends to temperatures of 2,000" F or higher A corre- 
spondingly lower degree of protection obtains as the 
chromium content decreases At intermediate tempera- 
tures about 1,600" F a chromium content of 16 to 18% 
IS sufficient for practically complete protection Labora- 
tory tests recently performed by the writer [1, 1935] show 
that improvement in resistance to oxidation may be gamed 
with substantially lower amounts of chromium, as shown 
by tests on certain chromium steels at 1,200" F The com- 
parative results are shown by Fig 2 



Fic 2 Relative oxidation resistance of various steels containing 
chromium at 1,200*' F , as determined by scale loss on heating 2S0 


Chromium confers certain changes in the physical pro- 
perties of steel at ordinary temperatures and also at elevated 
temperatures, not, however, in proportion to the amount 
added For example, the addition of 1 % or more may 
cause appreciable air-hardening, which may make welding 
problems more difficult The air-hardening is proportional 
to the chromium and carbon up to about 14% chromium 
content, above which the low-carbon alloys become non- 
hardening, but are subject to reduced impact value and 
poor ductility on heating to temperatures in the vicinity 
of 900° F In consequence it broomes particularly im- 
portant to take these peculiarities into consideration before 
applying such material 

NickeL 

Nickel, in small amounts, does not add to the htgh- 
temperature strength of alloy steels, nor does it contribute 
appreciably to resistance to corrosion or oxidation 
Furthermore, mckel itself is not particularly resistant to 
attack by sulphur, the prmctpal corrosive agent in refinery 
service, and pure nickel rapidly becomes embrittled 
through interciystalline attack when in contact with sul- 
phur compounds at elevated temperatures. Nickel is 
therefore omitted entirely from the lower chromium-steel 
alloys for refinery service or is added m relatively large 
amounts for the specific purpose of rendering them 
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austenitic in structure, le so that they become non- 
magnetic, non-hardenable steel alloys possessmg ^eat 
strength at high temperatures, great touglmess, and excel- 
lent corrosion- and oxidation-resistant qualities Alloys of 
this type are 18-8 and the 25% chromium-20% nickel 
alloy Nickel thus becomes a toughenmg agent and 
strengthener for the 16% chromium or higher chromium 
content alloys, which are more or less bnttle m the absence 
of nickel Nickel, in low-alloy 
steels, detracts rather than adds 
to high-temperature strength pro- 
perties. 

Molybdenum, Tungsten, and 

Vanadium. 

These elements are carbide 
formers (also femte formers), and 
their chief action in refinery steels 
IS to make such steels more resis- 
tant to ‘creep’ or flow at elevated 
temperatures They tend to pro- 
vide resistance to softening on tem- 
pering and act as restrainers of 
grain growth Molybdenum is 
perhaps the most effective element 
of the group in increasing strength 
for a given cost and is unique in its 
ability to render chromium steels 
less susceptible to temper embrittle- 
ment (cold brittleness) For these 
reasons the molybdenum steels are 
finding distinct favour for high- 
temperature use, although certain 
steels containing tungsten and vana- 
dium have been used successfully 
in high-temperature applications 
Molybdenum improves ^th creep 
and short-time ultimate strength 
A specific example of this effect 
may be cited in a recent study made 
by the wnter on steels containing 
9% chromium [33, 1936] The 
effect of various quantities of 
molybdenum on the short-time strength of 9% chromium 
steel IS shown by Fig 3 

Manganese and Copper. 

Manganese tends to strengthen femte at ordinaiy 
temperatures and adds slightly to creep strength at slightly 
elevated temperatures It is not effective above about 
950° F m raismg creep strength, and it adds nothing 
towards corrosion resistance or oxidation resistance In- 
creased manganese content, according to Greaves and 
Jones [19, 1925], is likely to increase susceptibility towards 
embnttlement, consequently, the amount of manganese m 
refinery steels is generally limited to the amount necessary 
for satisfactoiy deoxidation Manganese has been sug- 
gested by Becket [5, 1934] as a subsutute for nickel for 
stabilizmg austenite to produce diromium alloys sunilar 
m charactenstics to 18-8 Such alloys are stated to be 
more resistant to gases contaming sulphur at elevated 
temperatures due to the absence of nickel With equivalent 
chromium content, these manganese alloys are somewhat 
less resistant to corrosion and scale than similar alloys 
contaimng nickel and are less resistant to creep. They 
have not as yet found application m oil-crackmg smnee 


Copper m small amounts improves the resistance of 
steel to dilute acid soluUons of a reduemg character and 
also Its resistance to atmosphenc corrosion It also is 
stated by certain investigators to improve resistance towards 
oxidation, the influence on oxidation resistance is shght 
however Copper is non-resistant to sulphur compounds 
at elevated temperatures, consequently it has not been 
used m steels for high-temperature service The lack of 


by Eglofi* and Morrell [18, 1927], who report results of 
a corrosion test covenng a penod of 20 days when cracking 
oil containing 1% sulphur at 460° C, (860° F) The 
samples tested were suspended m the vapour zone of the 
reaction chamber The copper-bearing steel lost more than 
plain steel, and hence did not show promise for this service 

Silicon. 

There are msufficient data to mdicate the value of the 
addmon of silicon to iron alloys for resistance to corrosion 

This IS especially true with reference to corrosion that 
occurs at high temperatures in oil refiiung Results secured 
m acid corrosion tests of iron-sibcon alloys have been 
mconsistent [21, 1933] Generally speaking, corrosion 
resistance of such alloys is but little improved by the 
addition of ordinary amounts of sihcon, le up to 3% or 
more Silicon alloys contaimng 12% or more of silicon 
are, however, quite resistant to acid From the data 
available it can be inferred that silicon cannot enbrely 
replace chromium m providmg resistance to corrosion 
when used m ordmary amounts 

That sihcon appreciably improves scale resistance of 



Fia 3 Graph showing the efiect of molybdenum on the short time ultimate strength of steel 
contaimng 0 IS % maximum carbon and 9 % chromium (.After the author ) 

resistance of copper-bearmg steel to corrosion is confirmed 
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iron alloys at elevated temperatures is exemplified by the 
well-known silicon-contaming automotive valve steels It 
may be substituted in part for chromium in low-alloy 
steels used in rehneiy service to provide additional resis- 
tance to scaluig Low-carbon steels containing over 2% 
silicon are more or less brittle, and, when silicon is used 
m comunction with fernte-formmg elements, such as 
chromium and molybdenum, the amount should be 
restricted to somewhat under 2%, so as to ensure satis- 
factory ductile properties Silicon stiffens ferrite and pro- 
vides resistance to tempenng at temperatures up to 
1,000° F At higher temperatures silicon causes softemng 
and probably reduces creep strength, as indicated by the 
fact that high silicon-chromium valve steels have good 
scale resistance, but relatively poor high-temperature 
strength properties 

Aluminium, Titanium, and Columbium. 

Aluminium, hke chromium, silicon, titanium, and 
columbium, has the power of forming tightly adhermg 
refractory oxide scales when added to steel alloys It thus 
markedly improves resistance to scahng It is difficult to 
add appreciable quantities of alumuiium to steel without 
producing certain undesirable effects, consequently, it is 
used mainly as a deoxidizing agent and for the purpose of 
controlling gram size rather than as an alloying agent 
Aluminium in ordmary amounts does not improve 
corrosion resistance, and it greatly detracts from creep 
strength at high temperature Alumimum is more bene- 
ficial when applied to tubing as a surface coating, as m the 
calonzing process [9, 1935] 

Titanium and columbium are carbide-formmg elements 
and also serve as ferrite formers They are used m plam 
diromium steels contaiiung up to 14% <±romium to reduce 
air-hardemng tendencies and to assist oxidation resistance 
In chromium-mckel austenitic steels, such as 18-8, these 
elements act as stabilizers to fix carbides and thus retard or 
prevent intercrystalline corrosion Under ordinary condi- 
tions of cracking-still service, columbium and titamum 
are not necessary to successful operation of crackmg-still 
tubes of 18-8, but these elements might improve the alloy 
under inordinately severe conditions For a more extended 
discussion of the effect of these elements the reader is 
referred to articles by Bam et al [4, 1933] and Becket 
and Franks [6, 1933, 7, 1934] 

(d) Reqnireiiieats of Tubing for High-temperature 
Service 

The followmg outlme mdicates the general requirements 
of an alloy tubmg material for service at elevated tempera- 
tures 

(1) It shall be adequately resistant to corrosion, espe- 
cially towards corrosion by the media encountered 
m oil refinenes 

(2) It shall be resistant to oxidation at temperatures up 
to the maximum for which it is designed 

(3) It shall have adequate creep strength 

(4) It shall be stable at operating temperature and free 
from cold embnttlemeat. le it shall show no 
tendency for gram growth or structural changes 
which will appreciably affect its ductihty and resis- 
tance to shock 

(5) The alloy shall be ductile and of such nature that it 
can be fabricated mto tubes of good workmanship 
and quahty. 


Fundamental characteristics, such as thermal expansion 
conductivity, and structural type (i e whether ferntic or 
austenitic), are dependent solely on composition and must 
be accepted with the other properties gamed Weldabihty 
IS important for vapour hues and refinery pipmg, and, 
although many of the chromium steels are air-hardenmg, 
suitable methods of welding and annealmg in the field 
have been worked out Ability to be flanged, expanded, 
and bent is also important 

It is obvious that all the charactenstics enumerated 
cannot be achieved in any one alloy and, this being the 
case. It IS necessary to sacrifice certain features to obtain 
other more desirable ones This, m reality, means that a 
number of alloys are necessary to cope economically with 
the variety of services existing m modem oil-refinmg 
operations Furnace tubes under heat input operate under 
more severe conditions than piping or heat-exchanger 
tubes, and, in consequence, strength may be diminished or 
oxidation resistance dispensed with in the latter m favour 
of such other attributes as corrosion resistance, ease of 
welding, &c The economical selecUon of a suitable alloy 
for a particular purpose requires the close co-operation of 
the metallurgist and the refinery engineer 

(e) Characteristics of Carbon and Carbon-molybdenum 
Steels 

The properties of carbon-steel tubmg arc known from 
long experience to be satisfactory as to workability 
(ductility), case of welding, and resistance to impact after 
long heating Furthermore, carbon steel is inexpensive 
and, m many cases, entirely satisfactory where the service 
conditions are relatively mild For this reason a large 
percentage of the tubmg used m refinery construction is of 
plain low-carbon steel (Analyses and propeities of carbon 
and alloy steels referred to m this arUcle are given in the 
section on Tables of Data ) 

The bulk of furnace tubes and pipe of carbon steel are 
manufactured by direct hot-roUmg, although, m certain 
mstances, ‘cold-drawn’ tubes are specified in order to 
obtain closer tolerances and smoother surface finish 
These cold-drawn tubes have given service bfe commen- 
surate with their mcreased cost accordmg to various 
reports on their operaUon It is the usual practice to 
employ cold-drawn tubes m the smaller sizes, for conden- 
sers and heat exchangers, although small-sized, hot-finished 
tubes have become available and certain economies may 
be gamed by their use Furnace tubes are generally made 
to Manufacturers Specificabon no 100 (A S T M A 161- 
35 t) or equivalent, and cold-drawn condenser and heat- 
exchanger tubes are made to A S T M A 179-35 T. 

Carbon steel has relatively poor resistance to corrosion 
and oxidation and has low strength at elevated temperature 
Tubes of this steel should be applied for the milder services, 
and, even then, careful operation is necessary to prevent 
tube losses Steel furnace tubes may fail because ofintemal 
corrosion, oxidation, or creep, or a combination of these 
^ects Figs 4 and 5 show typical secUons of carbon-steel 
sull tubes that failed prmcipally because of creep and 
oxidation Fig 6 shows a still tube that failed because of 
‘end-corrosion’ 

Carbon-steel tubmg ‘as rolled’ has a lamellar, pearhtic 
structure, but when operatmg at temperatures approaclung 
1,000° F , or higher the pearhte tends to spberoidize, which 
results m a loss of creep strength. The representabve 
structural appearance of steel tubes before and after service 
are shown in the micrographs in Fig 7 The effect of this 



o 6 failure of a sttcl slill-lubc through cxtcssivt 
Jsion near the rolled end ol the tube This is a more 
IS lommon occurrcnec in units handling certain oils and 
te to changes in velocity of the oil stream in the 
ity of the header connexions 


I K 8 Typical brittle fractures in plain S ' „ chi 
Failures oeeurred through cleaning operations wl 
cold 
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change in structure on creep properties will be discussed 
in more detail under ‘Creep’ 

Closest to plain steel from the standpomt of composi- 
tion, properties, and cost is carbon-molybdenum steel, 
which has been used for furnace tubes and vapour lines 
for the past two or three years This steel first attracted 
attention for elevated temperature service m Europe, where 
It has been employed for superheater tubes m the Loeiller 
high-pressure boiler It has been recommended for this 
service by Vitkovice Mmes, Steel and Iron Works Corpora- 
tion, Czechoslovakia [20, 1932], and by Bailey and others 
[2, 1931] 

The addition of molybdenum to steel in amounts up to 
1 00% produces a deiinite advantage in elevated tempera- 
ture strength over that of plam steel Corrosion or oxida- 
tion properties are httle, if at all, unproved thereby, so that 
such material should be used imder mildly corrosive con- 
ditions and at moderate temperatures to avoid excessive 
scaling It offers higher creep strength than plain steel and 
IS readily weldable, hence it provides additional safety m 
vapour lines and hot-oil piping At room temperature, 
low-carbon molybdenum steels are slightly stronger than 
carbon steel of equivalent carbon content (see Table II, 
section (1)), but for all practical purposes may be con- 
sidered as having about the same physical characteristics 

So far as is known, carbon-molybdenum steels are 
entirely free from cold embrittlement and do not suffer 
loss of ductility after long periods of operation at elevated 
temperature This might be expected from the known 
beneficial effect of molybdenum and from the structural 
sunilarity of molybdenum steels to carbon steel Carbon- 
molybdenum steel has frequently been used as a base 
material for calorizing, and this process of surface alloying 
with aluminium provides greatly increased resistance to 
scaling and corrosion [9, 1933] The higher creep strength 
of the carbon-molybdenum steel provides increased abihty 
to meet the stresses at higher temperatures, which the 
calorizing process makes possible through its protection 
of the surface of the metal 

The surface coating of iron-alumimum alloy formed on 
the tube, whether it be carbon or alloy steel, is more or 
less brittle, and care must be exercised to avoid cracking 
in expanding or otherwise deforming the tube A two-cycle 
calorizing treatment which mvolves diffusion of the 
aluminium is helpful (U S Pat 1,988,217), and annealing 
as a final operation is also helpful, especially in the case 
of alloy tubes, m restormg ductihty to the base metal 
Special expanding tools may be provided for rolling which 
lessen the danger of cracking the coatmg In some casa 
the calorized layer is removed from the inside of the tube 
to permit ease in roUmg into the header 

(/) Five per cent. Chromium Steels 

As previously related, steels of this type originated with 
Dixon [16, 1934] Such steels may be modified with 
tungsten or molyMenum Recently additions of titamum 
or columbium have been made, the latter elements bemg 
used to reduce air-hardenability The plain 4-6% 
chromium steel is subject to brittleness when cold, and 
this feature has been described by Wilten and Dixon [46, 
1934]. More recently an extended study correlaUng the 
notch impact test with service failures luu been made by 
Wilten [45, 1935], who shows that the plam 4-6% chro- 
mium alloy and the tungsten modificauon have a high 
susceptibihty ratio which increases as the temperature is 
reduced below 200° F. Qeanmg or knockmg of tubes of 


these types while warm (above 200° F ) is recommended 
to avoid breakage of tubes due to reduced toughness when 
cold The typical appearance of tubes cracked m cleanmg 
IS shown m Fig 8 

The 4-6% chromium alloy containing tungsten has been 
successfully used for valves and valve parts The properties 
of this alloy have been described by Malcolm [23, 1931] 
A few mstallations of tubes of this alloy have been made, 
and these have operated successfully except for some 
breakage of tubes which were clean^ while cold The 
higher cost of this modification, however, and its tendency 
towards cold bnttleness have made it less favoured for 
tubing than the molybdenum alloy 



Fio 9 Curve showing the effect of carbon content on the room 
temperature physical properues of S % chromium, 0 50% molybde- 
num steel, annealed Tests made on 1-in rd 


ITie 4-6% chromium steel with 0 50% molybdenum has 
been used with decided success for furnace tubes, vapour 
hnes, hot-oil piping, and heat-exchanger tubes This alloy 
contains sufficient chromium to be fairly resistant to 
moderately and even fairly corrosive oils Service reports 
show Its corrosion resistance to be from 4 to 10 times 
that of carbon steel, depending on the nature of the 
oil handled, velocity of flow, temperature, and other 
factors The molybdenum addibon provides increased 
strength and freedom from cold bnttleness [30, 1933], 
makmg it the preferred type for tubmg application The 
efiect of carbon content on the physical properties of 
annealed 5% chromium-0 5% molybdenum steel is shown 
by Fig 9 

Wnght has shown that the air-hardenmg properties of 
5% chrotmum steel are proporuonal to both chromium 
content and carbon content [47, 1932] In furnace tubmg 
which is installed in the annealed condition this feature is 
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not important, as a soft-annealed tube will not harden 
until the temperature exceeds 1,400° F This is con- 
siderably above a safe operatmg temperature for alloys 
of this type 

Annealmg of tubes of this alloy after hot worlung, 
forgmg. Van Stonmg, and welding is required to restore 
ductility and toughness In consequence, welding of vapour 
hnes and the hke requires careful handling to avoid 
difliculues A brief descnption of procedures found to 
be sausfactory is as follows 

Welding Procedure. Welding shall be done by the 
electric-arc process, using properly covered electrodes of 
4-6% chrome, i% molybdenum No bare-rod electnc-arc 
welding IS permissible Direct-current-type weldmg equip- 
ment IS preferable to the altemaUng-current type While 
the electnc-arc weldmg process is generally favoured, gas 
welding may also be used 
Welders shall be qualified m accordance with the 
requirements of paragraph S27 of the 193S issue of the 
Amencan Tentative Standard Code for Pressure Piping 
Alloys of the 4-6% chromium-molybdenum type are 
manufactured in several grades with respect to carbon con- 
tent, the carbon ranges being 0 1 % maximum to 025% 
maximum This alloy is distmcUy an air-hardemng alloy, 
and, as carbon enhances its air-hardemng properties, the 
lower carbon ranges of the alloy are generally diosen for 
parts that are to be welded However, it should be stated 
that even the high-carbon material may be welded by the 
fusion-welding process, providmg a high preheatmg 
temperature is employed and the weld is heat treated 
immediately after completion 
The main problem in welding, assummg the availability 
of satisfactory electrodes, is the prevenUon of crackmg 
of the weld metal during weldmg, which may be accom- 
phshed by preheating the parts to be welded, either locally 
or uniformly, to a temperature of at least 300° F , the 
higher the temperature the better, and mamtaining the 
temperature until the welding is completed and the 
part placed m the furnace for annealing This should 
be done before the part cools, otherwise stress cracking 
may appear 

If possible, backmg-up strips or rings should be used, 
and the walls of the joint kept apart to permit fusion to the 
backmg-up stnp 

When castings of this material are to be welded, they 
should be preheated to at least 500° F before welding and 
mamtamed above this temperature durmg weldmg 
Heat-treatmg. Due to the extremely hard weld metal 
and affected zone of the parent metal in the as-welded 
condition, the Bnnell hardness of which is of the order of 
400 to 500, the welded part must be annealed The physical 
properties of the weld metal will vary with the heat 
treatment, maximum softness being obtained by a full 
anneal from approximately 1,600° F Slow cooling is 
essential if the material is heated to 1,600° F for full 
annealmg, as this temperature is above the critical, and 
hardenmg will be induced if the coolmg is rapid 
The manner and rate of heating of this alloy steel is 
immaterial, except that uniform temperatures over the 
affected zone should be obtained. Rapid heatmg to the 
diosen annealmg temperature is preferable, and scale may 
be reduced by usmg a shghtly reduemg atmosphere withm 
the fhmace 

Complete heat-treatiiig fdlowliig wdding. The enure 
piece should be inserted m a smtable furnace unmediately 
after weldmg and before allowmg the piece to cool from 


the preheatmg, and the temperature should be properly 
controlled to close limits as follows 

Heat the enure piece uniformly to a temperature 
between 1,550 and 1,650° F (preferably to 1,600° F.) 
and hold the temperature for 1 J hours per inch of maxi- 
mum metal thickness Then cool m the furnace at a rate 
not m excess of 50° F per hour to 1,300° F , and con- 
tinue to cool m the furnace to 1,100° F at a rate of 
coolmg not in excess of 100° F per hour Remove from 
furnace and cool m still air 

Local heat-treating following welding. When tempera- 
tures below the critical point are employed for soiling, 
the properties of the alloy will depend upon the time it is 
held at temperatures during the heat treatment 
Where it is impossible completely to heat-treat the enUre 
piece and it is necessary to heat-treat the material locally, 
use the followmg heat treatment and control the furnace 
temperature closely 

Heat uniformly to 1,325 to 1,400° F (Caution— Do 
not heat alloy over 1,450° F or it will air-harden on 
cooling) Hold temperature for 1 hour or more and 
then cool m still air 

It IS, however, preferable completely to heat-treat the 
material after welding than to heat-treat it locally 
The reducUon of carbon to 0 1 % maximum and the 
mcorporation of uuimum in a ratio of 4 to 6 umes the 
carbon content parUally eliminates air-hardening in the 5 % 
chromium steels Alloys with this amount of titanium are 
sufficiently free from the structural transformations pro- 
ducing hardening for simple annealing treatments to suffice 
in restoring ducuhty after hot-workmg The titanium 
addition also improves scale resistance The difficulty of 
controlling the proper ratio of titanium to carbon in 
melting the alloy has hindered its adoption, and service 
tests have been too limited to indicate the value of this 
modification at this ume It may be stated that oertam 
difficulties are encountered in welding the alloy m spite 
of Its non-hardemng features Further, impact values are 
hkely to be erratic if the prescribed ratio of titanium to 
carbon is not maintained This has led to investigauons 
on the use of columbium A somewhat higher ratio of 
columbium to carbon (7 to 9 times carbon) than when 
titanium is used is required to produce the non-hardening 
features (see note at end), but control in melting is said 
to be better and welding charactensbes are somewhat 
improved The value of either of these modifications still 
remams to be determined in refinery applicabons 

(g) Sixteen per cent. Chromium— eight per cent. Nickel 
Tubes 

Tubes of this highly alloyed steel have been used perhaps 
longer than tubes of any other alloy steel m refimng 
operaUons A complete description of this material, m- 
ciudmg a discussion of its advantages, limitations, and 
disadvantages, has been previously given by the author 
[28, 1931] 

This alloy has exceptional propeities of corrosion and 
oxidaUon resistance and has stret^ at elevated tempera- 
tures that far exceeds that of the lower alloy non-austenitic 
steels OffsetUng these desirable properties are the char- 
acteristics of a high thermal coefficient of expansion and 
low thermal conductivity, and these must be taken mto 
account to avoid certain difficulbes in operation. When 
18-8 tubes are used m coqjuncuon with plam steel headers 
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or return bends, leakage is likely to result which requires 
constant attention Further, to avoid danger from over- 
heating, with the possibility of tube ruptures, furnaces in 
which 18-8 tubes are used should be designed for uniform 
heating of the tubes, and relatively low rates of heat 
transfer should be employed 

Dixon [15, 1931], by means of a questionnaire directed 
to refiners and others, concluded that the alloy has many 
desirable properties, but that exceptions to its use were 
taken because of its lack of ductility under tcnsional 
deformation when overheated and overstrcsscd J L 
Marek [25, 1933], m his article ‘Safety at Petroleum 
Cracking Plants’, also pointed out this lack of ductility 
The writer has studied the high-temperature duculity of 
many austemtic alloy combinations [31, 1935] (variations 
of chromium and nickel content with and without addi- 
tion elements), and concludes that the lack of ductility of 
18-8 IS not a special characteristic of the composition, but 
a fundamental property of all low-carbon alloys of austeni- 
tic type In fact, 4-6% chromium steels and even ingot 
iron exhibit the same tendencies at temperatures corre- 
sponding to their transformation to gamma-iron (austenite) 
Creep strength of the lower alloy-content non-austeniuc 
steels IS so low that failure generally occurs before the 
temperature can rise to a point where transformation to 
austenite occurs In other words, the ductile alloys fail in 
the range where their structure consists essentially of 
alpha-iron 

Some improvement in the ductile characteristics of 18-8 
may be gained by special methods of processing designed 
to produce a small gram size in the tube prior to use This 
has been shown by studies on the effect of gram size 
imdertaken by the wnter [29, 1931-2] As a consequence 
tubes manufactured m recent years are much more rehable 
than those made previously The low ductility of austenitic 
18-8 tubes under stress at temperatures exceeding 1,300° F 
IS a property now recognized as characteristic of the 
material, and tube failures through abuse and overheating 
rest enurely with refinery operators Such failures are 
entirely preventable with proper operating practice, which 
connotes frequent cleaning to remove coke films and 
proper finng and combustion conditions to avoid exceeding 
safe tube temperatures 

Many tubes have operated on sour crudes or corrosive 
gas oils for over 40,000 steam hours with little or no loss 
due to corrosion If fuels are used contammg appreciable 
sulphur, the external surfaces of tubes may show some 
mcipient mterciystalline attack This attack is superficial 
except where acid sludge is burned, as ordinary gases of 
combustion contammg lower amounts of oxidiz^ sulphur 
compounds attack the metal very slowly 

The alloy undergoes a shght structural change, and all 
furnace tubes gradually precipitate carbides and become 
slightly magnetic This does not detract from their utihty, 
nor does it cause appreciable change m physical properties, 
unless the carbon content is high For several years all 
18-8 tubes for high-temperature operation have been 
limited to a maximum carbon content of 0 07% 

All 18-8 tubes operating m the range of temperatures at 
which carbide preapitation occurs become susceptible to 
mtercrystallme corrosion and, if removed from service and 
placed m mild acid soiuUons or salt coolmg water, th^r 
will quickly dismtegrate This condition of structure can 
be corrected by heat-treatmg if further use at low tempera- 
ture IS contemplated Despite carbide preapitation, tubes 
will operate thousands of hours at high temperature with- 
in 


ot a The corrosion encountered in oil streams or 

vapours at elevated temperatures is non-ionizmg and non- 
conducting, consequently, mtercrystallme corrosion of 
tubes m this service is but rarely encountered In fact, it 
has been enurely absent except m isolated cases confined 
to large-grained upset tube ends operated under unduly 
severe corrosive conditions This type of corrosion might 
be combated by the use of tubes of 18-8 stabilized with 
titanium or columbium, but its occurrence is such a rarity 
that plain 1 8-8 tubes have so far sufficed for all needs For 
a more extended discussion of the structural features of 
the alloy and the effect of carbide precipitation the reader 
is referred to B Strauss et al [37, 1930] and Bam and 
Abom [3, 1930] The effect of titanium has been discussed 
by Bain et al [4, 1933], and the effect of columbium by 
Becket and Franks [7, 1934] 

Tubes of the alloy are particularly useful where tempera- 
ture and pressure conditions are high The high strength 
of the alloy eliminates the necessity of using excessively 
heavy walls to provide the desired safety This in turn 
permits greater quantities of charge to be handled The 
alloy may also be recommended for use where the stocks 
to be handled are excessively corrosive The alloy has also 
been used successively in the hydrogenation of petroleum 
products 

{h) Intermediate or Low-alloy Steels 

In this classification of steels arc placed those containing 
varying amounts of chromium below the range of the 
4-6% chromium steels Molybdenum is added to such 
steels in addition to chromium to improve strength pro- 
perties and to obviate any tendency towards cold brittleness. 
In certain cases silicon is substituted for chromium as a 
means of improving scale resistance at nominal cost A 
steel containing 125% chromium, 0 5% molybdenum, 
and 0 75% silicon has been described in various articles 
by Clark, White, and Wilson [41, 1932, 42, 1934] Such 
material has good strength properties for a steel of the 
pearlitic class, and also has somewhat better corrosion 
and oxidation resistance than plain steel This material 
IS calonzcd in many cases, because of its low diromium 
content, to provide it with a higher degree of resistance to 
scaling and corrosion A somewhat similar steel with a 
slightly higher molybdenum content has also been proposed 
for tubes for high-temperature service, mainly for boiler 
construction [10, 1934] By increasing the chromium con- 
tent to about 2% [1, 1935], a considerable increase in 
corrosion resistance is achieved that obviates the necessity 
for calorizing, except where furnace conditions are such 
that excessive scaUng is caused At present, considerable 
tubing of these intermediate grades is being used This 
tubing IS available with chromium content varying by small 
increments up to 3% 

Due to the large amount of sweet oil being processed, 
these mtermediate alloy steels are finding distinct favour. 
Their strength properties at high temperatures are, m most 
cases, equal to or better than those of 5% chromium, 
0 5% molybdenum steel, and they are sufficiently corrosion 
resistant to be economical under mildly corrosive condi- 
tions Wilson [44, 1935] has recently desenbed a 2 5% 
chromium-molybdenum-silicon steel, and some production 
has been attained with a 3% chromium alloy contammg 
0 8-1 % of molybdenum There are thus 5 alloys available 
between 1 25% chromium and 3% chronuum This 
situation IS somewhat confusing to ffie refinery engmeer 
faced with the selection of a material m this range of 
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composition The prices for these matenals increase m 
proportion to this alloy content Perhaps, in time, the 
industry and producers will co-operate in standardizmg 
on one or two steels in the range, which would result m 
benefit to both 

The mtermediate steels are free from cold brittleness and 
have adequate ductile properties for forming and rolling 
They are somewhat air-hardening, and good practice 
necessitates annealing after welding to restore ductility 
and impact properties Welding procedures suiuble for 
the 5% chromium steels are recommended 
The mtermediate steels should be applied for mildly 
corrosive service where strength properties in excess of 
those of mild steel are required In this connexion the 
intermediate steels may be used economically in many 
places where 5% chromium materials have been found 
adequate, so that their use is likely to increase so long as 
sweet or mildly corrosive stocks are being charged 

(<) Higher Alloys 

In order to provide a higher degree of corrosion resis- 
tance than IS provided by 4-6% chromium steels, with 
a correspondmg increase m strength properties and oxida- 
tion resistance, the author has studied the properties of 
steels containmg about 9% chromium, the strength pro- 
perties of which have been improved by a relatively large 
addition of molybdenum [33, 1936] The normal analysis 
of this steel is 9 25% chromium, 1 5% molybdenum, and 
012% carbon It is intended as an intermediate between 
the 4-6% chromium alloys and 18-8, both as to properues 
and cost It is recommended for use where the corrosion 
resistance of 4-6% chromium alloys is not sufficient or 
where scaling has been encountered m alloys of lower 
chromium content 

This material is quite similar in physical properties and 
weldability to the 5% chromium-molybdenum alloy, but 
Its higher chromium content places it more nearly ui the 
stainless-steel class with respect to resistance to corrosion 
and oxidation Service tests are now being conducted in 
twelve different refineries to obtain data on the alloy At 
present the installations have not operated sufficiently long 
to classify the material accurately as to its uuUty and 
economy Indications are that it will find a field in the 
handlmg of sour crudes and corrosive gas oils where the 
high-creep strength of 18-8 is unnecessary 
In the class of steels having extremely high-alloy content, 
an austenitic steel contaming 25% chromium and 20% 
nickel has recently become available in seamless tubes m 
the usual range of sizes used for furnace tubes This 
material has been m use several years in the hydrogenation 
of petroleum products, but the tubes for these installauons 
were manufactured by a forgmg and boring process 
The 25-20 alloy is quite similar to 18-8 in many of its 
properues, but it has substantially better resistance to 
corrosion and oxidation Its creep strength is slightly 
better than that of 18-8, and it is more resistant to carbon 
absorpuon (carburization), which will permit it to extend 
the operatmg range above that for which 18-8 is siutable 
It IS probable that the alloy will find a field of usefulness m 
dehydrogenation and polymenzaUon processes where it is 
desired to operate at hi(^ gas temperatures and at high 
pressures 

(J) Heat Exchangers and Condensers 
The metallurgy of ferrous matenals has not advanced 
an appreciable extent in supplying corrosion-resistant 


tubing matenals for heat exchangers and condensers This 
is particularly true with regard to condenser equipment 
of die shell-and-tube type Powell [36, 1935] has recently 
given a r6sum6 of the subject which indicates that this 
problem is a troublesome one Mamtenance costs and 
tube replacements are generally high for condensers 
handling unneutralizcd fracuons or when operaUng in 
Coastal refineries using brackish water for coolmg purposes 

The conditions tubular matenal must meet for this 
service may be enumerated as follows 

(1) Sulphide corrosion from vapours, crude oils, and 
fractionated products 

(2) Hydrochloric acid from the hydrolysis of magnesium 
chloride which is carried over to end products and 
condensed out This is particularly troublesome at 
condensation temperatures, but may be nullified by 
neutrahzation, generally with ammonia 

(3) Corrosion from air-saturated cooling waters 

(4) Corrosion from salt or brackish water which is also 
likely to be air saturated 

These conditions do not take into considerabon 
mechanical difficulties of various sorts — erosion, contact 
electrolysis, plugging of tubes from deposits in the 
water, or heavy sludge and tar from oil products — all of 
which affect tube life and increase the maintenance cost of 
equipment 

Tubes of admiralty brass and plain steel have been 
largely used, the steel tubes being used mainly in heat 
exchangers handling sweet crudes and m condensers where 
the coohng waters are of a non-corrosive nature Admiralty 
tubes have been installed in exchangers where acid cor- 
rosion and sour products are encountered and mamly in 
condensers using saline waters as the cooling medium 
Brass tubes are not particularly resistant to sulphide 
corrosion, but are more resistant than steel m unneutralized 
fractions contaming acids They are also more resistant 
to salty and other cooling waters than steel, which tends 
to corrode rapidly, with pitting, in waters containing 
oxygen Brass tubes are subject to dezmcification, espe- 
aally in salty coohng waters, and many tubes eventually 
fail from this cause Mechanical wear due to the cleaning 
of tubes plugged or fouled with deposits, erosion, and 
corrosion of the types previously enumerated all tend to 
shorten tube hfe Tubes of certam modified brasses and 
other non-ferrous alloys have been used, but it is beyond 
the scope of this article to discuss their merits 

The use of tubes of plain 5 % chromium or 5 % chromium- 
molybdenum has extended life m exchangers handhng oils 
or vapours where hydrogen sulphide is the active corroding 
agent In condensers the 5% chromium alloys are not 
generally economical, as their resistance to corrosion by 
cooling water or acid is not sufficiently better than that of 
plain steel to warrant their extra cost A test uistallabon 
m a condenser cooled by sea-water gave relatively short 
life, indicating that this type of material should not be used 
in brackish or salt-water 

Steel tubes and cast-iron pipe have been employed m 
submerged-type condensers, and although corrosion is 
rapid, especially m salt-water, their life is extended by 
using exceptionally heavy walled tubes. Use has been 
made of discarded 18-8 still tubes for submerged con- 
densers, ID which case the tubes are reheat treated pnor to 
use to improve their corrosion resistance 

Tubes of stamless materials, especially the 18-8 alloys, 
have given disappomtmg results in condensers and ex- 
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changers of the shell-and-tube type The difficulties which 
have arisen are largely mechanical, and are due to the 
alloy’s charactenstics of high thermal expansion and low 
conductivity These features mtroduce mechanical stresses 
that are not provided for in present designs of equipment, 
with the result that tubes are not free to expand This 
causes bucklmg of tubes and transverse fracture through 
fatigue 

This difficulty has been especially noticeable in multi- 
pass units in which tubes arc subject^ to unequal tempera- 
tures across the tube bundle Temperature variations and 
pump pulsation produce alternating stresses which may 
lead to rapid failure Careful consideration of design from 
the standpomt of freedom for expansion and equality of 
temperature distribution should be given before apphcation 
of these alloy tubes is contemplated 

While remarkably resistant to sulphide corrosion, stam- 
less steel alloys will not resist hydrochloric acid in un- 
neutralized condensed fractions, and they are subject to 
localized attack (pitting) in salt-waters In the latter case 
deposits contaming chlorides from the waters collect on 
the tube surfaces, and those points thereby deprived of 
oxygen become de-passified, le the corrosion-resistant 
film to which chromium alloys owe their corrosion 
resistance breaks down and local corrosion m the form of 
pitting results This pitting, together with the mechanical 
stresses previously mentioned, causes failure through 
* corrosion fatigue ', the pits acting as stress-raisers Failures 
which have occurred from these causes are illustrated by 
Figs 10, 1 1, and 12 The structural condition of the metal 
has been satisfactory with proper heat treatment applied 
before mstallation, and all cracks have been trans- 
crystalline, typical of faugue, as shown by Fig 13 

In natural cooling waters saturated with oxygen the 
stauiless alloys are quite resistant, as oxygen, contrary to 
Its pitUng action on ordinary steel, tends to passivate the 
high-chromium alloys, and corrosion thus is retarded 
That the high expansion rate is the most important factor 
retarding the use of 18-8 tubes in heat exchangers in which 
corrosion due to sulphide occurs has been proved by 
substituting plain 18% chromium-iron tubes In certain 
exchangers of the multi-pass type, m which the heat 
transfer is from gas oil to crude, 1 8-8 tubes failed m as short 
a time as 10 days because of mechanical stresses When 
tubes of plam chromium alloy were substituted the 
service has extended to 5 years with no signs of failure 
from mechanical or other causes It should be borne m 
mind that 18% chromium-iron alloy becomes embnttled m 
the temperature range between about 650“ F and 950° F . 
so that the contemplated use should exclude this range 
Tubes of 18-8, in larger diameters than those ordinanly 
used in shell-and-tube units, have been successfully em- 
ployed m high-pressure, hig^-temperature exchangers of 
speoal design. 

(k) Creep and Short-tiine Properties 

Perhaps the most important property of material m- 
tended for elevated temperature service under pressure is 
Its ability to resist deformauon when stressed at elevated 
temperature over long periods of bme Due to the influence 
of temperature, steel at sufficiently elevated temperature 
becomes a plasbc or viscous material rather than an elastic 
material, and hence will continuously flow or stretch at any 
given elevated temperature at a rate which is dependent on 
Uie load apphed Thu stretch or ‘creep’, as it u ordinanly 
known, has been defined by Tapsell [38, 1931] as defomu- 
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tion of a material occurring with time under and due to an 
externally applied stress Considerable investigation has 
been conducted on this phenomenon dunng the last 10 
years, and it is by this property that materials are 
classified as to their abihty to sustain loads at high 
temperature 

Creep tests take ordinarily from 1,000 to 5,000 hours 
for completion, and certain tests are now being continued 
for 10,000 hours or more by the Joint Research Committee 
of the A S M E and A S T M to determine the effect of 
an inordinately long period of testing In certain cases 
preliminary properties are evaluated by short-time test 
methods This is essentially a quick physical test that takes 
approximately an hour and gives values which are com- 
parative if the test procedure has been standardized Such 
tests give values which are far above the true breakmg 
loads as determined by the long-time creep test Design of 
parts has been predicated on these short-time values, m 
some mstanccs by makmg large allowances for safety 
factors, but generally the actual creep or flow rates are 
now being used for design purposes except where data are 
lacking 

Some attempt has been made to shorten the time for 
evaluatmg creep rates by such means as Hatfield’s time- 
yield, by determination of proportional limit, and by 
accelerated creep tests wherein ffie rate of flow is taken 
during some arbitrary time period, as, for mstance, 
between the third to sixth hour or twenty-fifth to thirty- 
fifth hour These methods have not found favour with 
American mvestigators, who prefer measurmg the rate of 
flow over much longer periods of time The Jomt Research 
Committee of the A S M E and A S T M on Effect of 
Temperature on the ProperUes of Metals has formulated 
codes (A S T M E 21-34 and E 22-35 T) for both the 
short-time and creep tests, and this is enabling different 
investigators to arrive at values which more or less 
correspond for materials of similar composiuon and 
condition 

Many factors influence creep properties of metals, 
among which may be mentioned 

(1) Influence of method of manufacture 

(2) Effect of composition 

(3) Effect of heat treatment, gram size, &c 

(4) Effect of segregation or bandmg or other non- 
homogeneity 

Differences m creep values for any given material, as 
shown by various investigators, may be due to the above 
mfluences or to errors m the actual determmation, due to 
lack of precision of equipment, temperature control, &c 
As previously menUoned, the tesung codes recently 
adopted are tendmg to brmg about better correlation of 
data and to make the values obtained more reliable 

Molybdenum improves creep m pearlitic steels, and 
carbon seems to have a more minor influence Norton [34, 
1929] has grouped the steels mto austemtic high-creep- 
strength materials and medium-creep-strength materials, 
with a thu'd group of plam or low-alloy steels havmg low 
resistance to creep The group into which the mdividual 
alloy falls depends on the elements makmg up its com- 
position. The values for low carbon 18-8 shown by 
Norton have been closely checked by Cross [11, 1934], 
Clark and White have studied the influence on creep of 
gram size, carbon content, method of loading, and other 
factors, mcludmg the effect of time on rate of creep [40, 
1934, 43, 1935] In connexion with the last-mentioned 
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factor it has been shown that the rate of creep of a 
chromium-silicon-molybdenum steel at 1,000° F may 
accelerate under high loadings when the tests are continued 
for long periods This change in rate is apparently due 
to loss of strain-hardenuig effect with spheroidization of 
the carbides under stress as the time of heating the specimen 
continues This results m a marked drop m creep resis- 
tance Clark, White, and Wilson have also studied the 
creep of carbon-molybdenum steels as used in refinery 
service [41, 1932, 42, 1934] 

Cross and Johnson [12, 1934] have investigated the 
creep properties of 5% chromium-0 5% molybdenum 
steel, using specimens cut from cracking-still tubes These 
investigations have shown that increased carbon content 
improves creep strength in this alloy and that furnace- 
cooled (annealed) metal had properties superior to those 
of normalized and drawn metal They have also shown 
that longitudinal specimens had better creep resistance 
than transverse specimens from the same tubes, but that 
the differences were small, being less than 10% greater 
Norton [1, 1935] has determined creep properties of 
many of the refinery steels, using, in some cases, strip 
specimens cut from tubes which were m the annealed 
condition 

In general, it may be stated that at temperatures of 
about 1,000° F, or above, annealed steels have the best 
creep properties, whereas below 1,000° F the reverse 
may be true, and heat-treated material may be superior 
Whether or not this is true is dependent on the composition 
of the particular alloy Fine-grained materials are less 
creep resistant than coarse-grained materials at the higher 
temperatures, but coarse-gram steels may show inferior 
ductility and impact properties Quality and uniformity 
of material, both as to structure and composition, are 
desirable for uniformity of strength properties Through 
the work being done on this subject, more reliable data 
and a better understanding of flow of metals at high 
temperatures may be expected m the future 

The gradual change in microstructure under prolonged 
heating and stress leads to a reduction of creep strength 
Accorduig to Tapsell [38, 1931], Bailey has found a reduc- 
tion of creep strength amounting to 25% when lamellar 
pearlite m carbon steel changed to spheroidized cementite 
More recently Jenkins and Mellor [22, 1935] studied the 
mechanism of flow of various low-carbon steels and irons 
under creep, and confirm the loss of creep strength due 
to spheroidization When the pearlite changes to rounded 
globules of iron-carbide, it has but httle stiffening effect 
on the femte phase Norton has shown that long-time 
service does not alter the creep strength of the 18-8 alloy 
[35, 1934], but m certam unpubhshed work there has been 
noted a considerable reduction m creep strength of 5% 
chromium-molybdenum and carbon-molybdenum steels 
at 1,000° F due to prolonged exposure above that tem- 
perature This would mdicate that the creep properties 
of pearlitic steels should be determmed on completely 
spheroidized-stabihzed material so that no fiirther 
changes would occur m heatmg which would result m 
strength losses not anticipated when the material entered 
service This subibzing prior to testing would apply to 
furnace-tube matenak operated at 1,000° F, or above, 
as structural reactions below 1,000° F proceed at a much 
slower rate In many cases heat-treated alloys or parts 
may be used at the lower temperatures with no appreciable 
chmge m structure or loss m strength, providmg the alloys 
are selected on the basis of reliable test data 


The use of creep or short-time data in the design of 
tubing for high-temperature service is a highly contro- 
versial subject There are several schools of thought on 
the matter, and engineers may be at wide variance with 
each other as to the proper formula or constants to employ 
in developing wall thickness of tubing for any given set of 
operating conditions The formulas of Claverino, Barlow, 
the A S M E , Dahl, and others have been used In some 
cases temperature stresses are allowed for and extra 
thickness is generally added to compensate for corrosion 
and oxidation or for wear due to cleaning In all cases 
a great deal of practical experience is applied in the 
selection of size and thickness of tubes for high-tempera- 
ture refining operations There is a distinct need for 
clarification and standardization on this important subject, 
which could be well undertaken by some engineering body 
It IS beyond the scope of this article to discuss the subject 
at greater length, and for further details the reader should 
consult the references given in Section II of the biblio- 
graphy 

(/) Tables and Charts of Data, &c. 

The following section includes tables and charts of data 
covering chemical composition, physical properties, short- 
time strength, creep strength, thermal expansion co- 
efiictents, and conductivity of certain of the alloys described 
The data are not complete in all cases, but should prove 
useful They have been collected from various sources 
which are acknowledged 


Ttmptrinirt — Dtgftn Fthranhwl 



Fio 14 Physical properties of plain 4-6% chromium steel at 
various temperatures as determined by short-time tesU {4fur the 
author) 
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Fig 15 Curves showing comparative creep properties (I*, m 10,000 and 100,000 hours) 
of plain chromium steel and 5% chromium, 0 50% molybdenum steel Norton) 

Both materials soft annealed prior to testing 



Fio 16 Creep strength of various steels for a rate of 1% m 
10,000 hours Wter Norton) 



Fig 17 Creep strength of various steels for a rate of I % in 
100,000 hours (After Norton ) 
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Table I 

Chemical Composition of Alloys available for Oil Refining (Tubes) 


(5) Chro 


O^Mo) 
m (1-00% Mo) 

m(I23J4Cr) 
(1 735iCr) 


nn(2 3%Cr) 

(8) Chroniiuni-nioIybdenum(3;iCr,0-903iMo) 

(9) $5i chromium (pUun) 

(11) S % chromium-molybdenum 

(12) 9% chromium, 1 50% molybdenum 

(13) 18% chromium, 8% nickel 

(14) 23% chromium, 20% nickel 


010-0 20 
010-0 20 
0-10-0 20 


0 30-0i0 
030-0 60 
030-060 
040-060 
0 30-0 60 


04)43 m 
0043 
0 043 
0-030 
04)40 
0 033 
0030 
0 030 
0030 

0030 

0030 

0030 

04)30 


0030 
0030 
0 030 
0 030 
0030 



• Also available in 0 10% max 0 20% max and 0 23% max carbon The* alloys can also be obtained with titanium or culumbium additions, as can 18-8 


Table 11 

Typical Physical Properties at Room Temperature, Annealed* 


Material 


Vlumate I Yieldr ^ | 

strength, ] point.f ' Elongation, i Brinell I Charpy Impact 

lb per iq in | lb per sq in I in 2 in \ hardm rr i ft -lb 


(1) Carbon steel (lulled) 

(2) C-Mo(0 50% Mo) 

(3) C-Mo (I 00% Mo) 

(4) Cr-Si-Mo (1 25% Cr (DM)) 

(5) Cr-Mo-Si (I 75% Cr) 

(6) Cr-Mo (2% Cr, 0 50% Mo) 

(7) Cr-Si-Mo(2 5%Cr) 

(9) 4-d% Cr (plain) 

(10) 4-6%Cr, 100%W 

(11) 4-6% Cr,0 50% Mo 

(12) 9% Cr, 1 50% Mo 

(13) 18%Cr.8%Ni 

(14) 25%Cr,20%Nt 


i 55,000 

65.800 

67.000 

70.800 

70.000 

68.500 
74,400 
62,200 

75.500 
73,200 

78.500 
95,600 

98.500 


35,650 

41.200 

42.500 

50.200 
45 000 

42.000 
40 650 

28.500 

39.100 

33.400 

43.400 

40.100 

48.000 


48 0 I 113 

45 0 I 126 

44 0 128 

400 ' 137 

30 0 (min) ' 140-60 

400 I 137 

38 5 I 

46 0 I 131 

43 0 156 

44 0 I 148 

38 0 169 

600 I 175 

55 0 j 160 


46 0 


(normalized and drawn) 

52 0 

(1-in bar stock) 

46 0 
50 0 
56 0 
38 0 
84 0 


* Properties typical of values obtained on annealed heavy-wall tubes Values for materials 5 and 7 were obtained on 1-in rd 
t Yield-points determined by 0 2% permanent set 


Table III 

Short-time High-temperature Tensile Properties 


Description of material 
0 10-olo%^rbon steel (killed) 
1-in rd , annealed 1,550" F 


O H carbon steel (killed) 

C 0 10% 

Mn0 40% 

Si 0 10% 

1-in rd , Bnnell 95 

Carbon-molybdenum steel 
Analysis 
C 0 10-0 20% 

Mo 0 45-0 65% 

Si 025% max 

l-in rd , annealed to 126 Brinell 


Cllarbon-molybdenum steel 
Analysis 
C 017% 

Mn0 59% 

St 018% 

Mo 0 52% 

1-in rd forged 



Rtf 

139] 


[ 1 ] 


‘ [39] 


[11 
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METALS AND ALLOYS IN REFINERY EQUIPMENT 
Table III icont ) 



Temp 

Ultimate, 

Yield, 

Elongation, 

Red of 

Description of materul 

°F 

Ih persq in 

lb persq m 

y,2in 

urea, % 

4-6% chromium-molybdenum steel 












(1)C 014% 

1,000 

41,300 

17,100 

46 0 


Si 0 35% 

1,100 

32,500 

15,150 

45 5 

86 5 

Cr 4 63% 

1,200 

25,100 

12,600 

66 8 

87 2 

Mo 0 54% 






Furnace cooled from 1,550° F , Brmell 






130 






(2)C 018% 

1,000 

44.700 

18,750 

45 0 

83 1 

Si 0 33% 

1,100 

36,300 

16,900 

42 3 


Cr 4 96% 

1,200 

26,600 

13,100 

55 8 

87 9 

Mo 0 49% 






Furnace cooled from 1,550° F , Brmell 






138 






9% chromium-1 50% molybdenum steel 

900 

58,500 

24,190 

35 0 

74 6 


1,000 

49,300 

24,320 

37 0 

81 1 

C 012% 

1,100 

37,380 

20 550 

54 0 


Si 0 09% 

1,200 

26 200 

17,300 

710 

95 0 1 

Cr 9 42% 

1,300 

18,800 

13,030 

81 0 

97 1 

Mo 1 41 % 






l-in rd , annealed, Brmell 143 



- i 



18 % chromium-8 % nickel 

800 

67 025 


I 

68 8 1 

Analysis 

900 I 

64,480 


40 2 

69 1 

C 0 07% max 

1,000 1 

61 625 


445 1 

69 0 1 


l.lOO 1 

53,730 


40 7 1 

64 8 1 


1.200 , 

44 375 


46 7 ' 

64 1 


1,300 i 

35,610 


50 7 

58 2 


1 400 1 

23,640 


53 2 

47 2 


1,500 1 

17 210 

_ 1 

54 5 


25% chromium'20% nickel 

800 1 

84 250 


33 5 

56 5 

Analysis 

900 

84,700 


32 0 

54 8 

C 0 10% 

1,000 > 

80,450 


32 5 

51 4 

Mn0 52% 

1,100 I 

73,200 


36 0 1 

50 8 

Si 0 97% 

1 200 

64,250 


34 0 1 

48 9 

Cr 24 96% 

1.300 

51,300 


36 5 : 

54 4 

Ni 2145% 

1 400 1 

44,450 


45 0 ! 

58 8 

I-in rd (hot rolled), Brmell 179 

1,500 1 

34 620 


47 0 

50 3 


1,600 

24,050 


46 0 1 

47 6 


1,700 

16 240 


49 5 

49 9 


1,800 

11,630 


54 5 

46 7 


1 900 1 

8,745 


66 5 1 

48 1 1 



2,000 

7,000 


62 5 1 

49 6 1 


Table IV 


Creep Properties — Data from Various Sources 



Temp 

Creep itresi. 

lb per sq in 


Material and condition 

°F 

IXIOJOmhr 

7% mom hr 

Ref 

Carbon steel (killed), 0 10-0 20% C 

800 

26,800 

18,500 

[39] 

900 

16,900 

12,800 



1 000 

5,750 

2,700 



1.100 

1,800 

840 



1,200 

920 

290 


Carbonsteel(killed), 018%C,0 09%Si Brmell 103 

800 

19,500 

13,500 

[1] 

900 

11,000 

8,400 


1,000 

7,200 

2,150 


Carbon steel (killed), 0 1 5 % C (tube) Normalized and drawn 

1,000 

3,400 

1,800 

, [40] 

168 hr at 1,200° F 





Carbon-molybdenum steel, 010-0 20% C, 0 45-0 65 '■i Mo, 

800 1 

26,000 

15,500 

[39] 

l-in rd , Brmell 126 

1,000 

17,800 

10,700 


1,200 

2,000 

480 


Carbon-molybdenum steel, C 0 16, Mo 0 54% Brmell 131 

800 

33,500 

23,500 

in 


900 

24,500 

17,200 


1000 

14,000 

4,000 


Carbon-molybdenum steel, C 0 16, Si 0 23, Mo 0 42% Norma- 

1,000 

16,000 

9,225 

[4^ " 

lized and drawn 

C 0 15, Mo 0 50% Normalized and drawn 168 hr at 

1,000 

8,800 

4,750 


1,200° F 





* Note Values shown in nearly all cases were extrapolated from rates of 0 01 % and 0 10% elongation per 1,000 hours 
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Tjujj 

Creep itrets,* 

th.persq in 


Material and condition 

“F 

1X10,000 hr 

1X100,000 hr 

Ref 

0 50% molybdenum steel calonzed 

1,000 

7,000 

2,700 

[9] 


1,200 

1,650 

470 


1,300 

840 

210 


1 00% molybdenum steel calonzed 

1,200 

2,600 

1 100 



1,300 

2,000 

840 



1,400 

750 

380 


1 00% molybdenum steel 

800 

35,000 

25,000 

[1] 


900 

27,000 

11,500 



1,000 

11,500 

5,200 


Chromium-silicon-molybdenum steel, C 0 07, Si 0 72, Cr 1 2S, 

800 

29,500 

20,000 

[39] 

Mo 0 34% Annealed 

1,000 

24,000 

15,000 


1 200 

3,950 

1,950 


Chromium-silicon-molybdenum steel, C 0 10-020, Si 045- 

800 


30,000 

[10] 

0 75, Cr 1 5-2 0, Mo 0 60-0 80% 

900 


15,400 


1 000 


9,400 


2 % chromium-0 50 % molybdenum steel annealed tubing 

1,000 

11,400 

6,300 

[11 

BnneU 143 

1,100 

5.650 

3,320 


1,200 

1,150 

1 100 


Chromium-silicon-molybdenum, C 0 15 max Si 0 50-1 00, 

800 

25 000 

20,000 

[39] 

Cr 2 25-2 75, Mo 0 40-0 60% Annealed Brincll 143 

1,000 

8 600 

5,400 


1200 

2 325 

1,000 


4 6 % chromium steel (plain) 

1,000 


6,500 

[39] 

4-6% chromium steel C 0 15% tube Annealed at 1,600’ F 

1,000 

6,600 

3,750 

[40] 

Drawn 168 hr at 1,200’ F 



4-6% chromium steel (plain), 0 20% C Annealed BnneU 

800 

22,000 

10,200 

[30] 

126 

900 

9,200 

5,100 


1,000 

6 000 

3,300 



1 100 

2000 

1,320 



1,200 

840 

450 


4-6 % chromium-tungsten steel 

1 000 

■■ 

6 000 

[39] 

4-6% chromium-tungsten steel, C 0 08, Si 0 20, Cr 4 88, W 

1 10% Annealed 

1,000 

8,400 

5,650 

[40] 

4-6% chromium-tungsten steel, C 0 11, Cr 3 82, W 092% 

900 

9,800 

’ ” 6,800 i 

(Norton) 

Brmell 121 

! 1 000 

6,700 

5,000 



' 1,100 1 

3 500 

1,600 1 



1 1,200 

2 400 

740 


4-6 % chromium-molybdenum steel, C 0 1 5 % max Annealed 

1 800 1 

1 22 000 

14,250 

[39r~ 

BnneU 128 

1 1,000 

' 10 250 

7,000 


1 1,200 i 

i 2 500 

900 


4-6% chromium-molybdenum steel, C 0 15, Cr 4 0-6 0, Mo 

1 1,000 ' 

9,500 

4,200 

"""[40] 

1 

0 50% Annealed tube at ^OCO” F Drawn 168 hr at 



1,200” F 

1 _ ! 



1 

4-6% chromium-molybdenum steel, C 0 14, Cr 4 63, Mo 

1 1,100 ! 

' 4,200 


l" [111 

0 54% Annealed 

CO 18. Cr 4 96, Mo 0 49°' Annealed 

1 1,100 ' 

' 5,170 



4-6 °/4 chromium-molybdenum steel, C 0 15, Cr 5 23, Mo 

1 900 1 

17,900 

15,000 1 

"[ir~ 

56% Tubing annealed BnneU 143 

1 1,000 ' 

9,200 

7,200 


1,100 

4,800 

2,400 1 



1.200 

1 800 

900 1 


9% chromium-1 30% molybdenum steel, 0 1S%C max 

900 ' 

33,250 

24,750 ' 

[I] 

Annealed BnneU 152 

1.000 1 

11 650 

5,800 


1,100 

6.950 

3,775 



1.200 

2,300 

1,600 


18% chromium-8% nickel steel, 0 07% max C 0 053, Cr 

800 1 


25,300 ~ 

[Ff 

17 57, Ni 8 70% Hot rolled Brmell 187 

900 1 

24,000 

18,000 


1,000 ' 

18,300 I 

11,500 



I.lOO 1 

11,350 1 

7,100 



1,200 1 

6,600 

4,250 



1,350 ] 

2,500 1 

1,600 


18 % chiomium-8 % nickel steel, C 0 067, Cr 18 21, Ni 9 56% 

1,000 i 

17,520 " 


nnir 

Rolled and water cooled from 2,000° F 

1,100 1 

13,600 



uoo 1 

7,100 1 



25% chromlum-20% nickel steel (hot roUed) 

1,200 ] 

7,400 1 

3,400 

in" 


1,350 1 

3,300 1 

2,800 



1,500 

1,100 

800 


* Note Values shown m nearly all cases were extrapolated from rate 

s of 0 01 % and 0 10% elongation per 1,000 hours 
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Table V 


Coefficient of Thermal Expansion 


Carbon iteel, 0 10-0 30% C 


1 2S^4Cr,0 75%SI,050;^Mo 

2^^C^,0 50%Mo 

4-6%Cr.0 08%C.016>;C 
4-6% Cr, 0 50% Mo 
9%Ct,l50y,\lo 

li% Ct, 8% Ni (0 07% C max 


32-390 

32-370 

32-750 

32-932 


Arerage corffieleni 
In per lit per 1° F 
689x10-* Ref 1 
722x 
7 55x 
7 89x; 

813x 


10 • Ref 2 True 


I al 1,110 I 10 U 


1 71« 

) I 70C 


I lOOOx 


I I 68-500 
I 68-700 
68-900 
! 68-1,000 1020X 

I 68-1,100 , 10 30X 
' 68-1200 I 1041X 

I 68-1,300 I 1055 V 

I 105-1 320 ! 9 20x 


It Rewarch Committee ASME-ASTM (1931) 
ken Steel & Tube Co — Di«e>t of Steeli (1934) 
om Babcock ft Wilcox Tube Co , Beaver FaUs, Pa 


Table VI 


Thermal Conductivity of Various Materials* 





Thermal conductivity in Watts cm -* deg 


No 

Composition of material 1 

\ IO(FC 

1 200- C 

300° C 

1 400° C 

500° C 

Cl 

Baste O H iron 


1 





C002, Mn0 03,S0005.P0042 

1 0 665 

1 0 607 

0 549 

1 0 491 

0 435 

Si 

H C steel 







C 0 83, Mn 0 27, S 0 015, P 0 017, Si 0 16 

0458 

! 0 435 

0413 

1 0 390 

0 367 

Si 

4-6 %Cr steel 




1 



C 0 10, Mn 0 45, S 0 017, P 0 013, St 0 18, Cr 5 15 

! 0 366 

0 358 

0 351 

{ 0 343 

0 336 

Ai 

15% Cr steel 

C 0 08, Mn 0 35, S 0 017, P 0 020, Si 0 20, Cr 15 19 

0261 

0 262 

0 262 

1 

0 262 

0263 

A> 

12% Cr steel 

C 0 07, Mn 0 09, S 0 010, P 0 015, Si 0 09, Cr 12 00 

0249 

0 259 

0 268 

0277 


A< 

26% Cr steel 







C 0 10, Mn 0 40, S 0 008, P 0 013, Si 0 45, Cr 26 00 

0209 

0 219 

0 229 

0 238 

0 243 

A, 

18-8 low carbon 







C 0 07, Mn 0 27, Cr 18 16, Ni 9 10 

0164 

0177 

0190 

0203 

0 216 


1-1 Watt cm-1 deg-l = 1 Watty(sq cm) (deg C /cm) -0239 Cal /(sec) (sq cm) (deg C/cm) 1 Watt cm-1 deg-1 •» 37-9 
BThU/(hr)(sq ft)(deg F/ft) 

* Extracted from table by Shelton, S M , and Swanger, W H , Trwu ASST 21, 1066, 1067, 1070 (1933) 
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NOTE 

Since this article was wntten, experiments show that both the 
titanium and columbium containing alloys are hardenablc if a 
sufficiently high temperature is reached They are, however, sub- 
stantially non-hardenable from temperatures producing drastic 
hardening in the usual 5% chromium molybdenum steel 



CHOICE AND DESIGN OF TUBING FOR FURNACES AND 
SHELL AND TUBE EXCHANGERS 

By E. S. DIXON and T. GARRARD 
Refining Department, The Texas Company 


INTRODUCTION 

Seamless tubing is standard for use in oil furnaces and 
heat exchangers Refineries are large users of lap-welded 
pipe for tankage and miscellaneous lines, but this article 
IS confined to heating tubes in furnaces, exchangers, and 
condensers 

The fundamental soundness of a good piece of seamless 
tubing is everywhere appreciated, and it is the only tubing 
permissible for severe service 

FURNACE TUBING 
A. Reflneiy Requirements 

In 1931 questionnaires were sent to some 250 refineries 
and 20 manufacturers of refining equipment in order to 
obtain their views on the needs of the industry [4, 1931] 
with reference to metal products in general use at high 
temperatures Necessarily, the replies dealt in large mea- 
sure with heater tubing A general summary of views as 
to the important properties of tubing is given below 
Corrosion Resistance. Metal should be resistant pri- 
marily to anhydrous hydrogen sulphide, which corrodes 
plam steel rapidly at elevated temperatures, particularly 
above 600* F 

(Bgh-temperatiire Strength This is, of course, an essen- 
tial attribute of a furnace tube 
StabiUty of Properties. These requirements are that the 
metal does not become embrittled, or otherwise develop un- 
desirable strength or ductility characteristics in pressure 
and temperature service For example, 18-8 % chromium- 
nickel alloy IS usually limited to 1,200* F b^use of lack 
of stability at high temperatures The common 4-6% 
chrome alloy frequently develops a cold brittleness due to 
service, so that sometimes furnace tubes are found which 
were fractured on down periods by knockmg tools used 
in cleaning out the coke deposits Some manufacturers 
add other alloys — tungsten, molybdenum, &c — ^for which 
various claims are made Laboratory tests show molybde- 
num IS very effective m improving the toughness of 4-6% 
chrome steel 

Indications of Impending Failure This refers to the fact 
that oil-furnace tubes occasionally are overheated, bulge, 
and spht, it is very desirable that the tube give appreciable 
warning by gradual swelling so that the operators can be 
forewarned and shut down the unit prior to failure 
Ease of Fabrication. Under this head are grouped desir- 
able qualities such as weldability, cold and hot bending, 
flanging, and flaring properties Mild carbon steel, for 
example, is readily cold worked to a remarkable degree, 
and if worked hot or welded requires no annealing The 
4-6% chrome alloy is air hardening if worked hot or 
welded, and is then dangerously brittle until annealed It 
may be cold worked without difficulty when in the an- 
nealed state Due to development m field annealing, it is 
now being welded and annealed m place on the job 
The 18-8 % chrome-iuckel alloy is ductile, but suscepUble 
to hardemng by cold working, and welding may impart 


undesirable properties difficult to remove by heat treat- 
ment 

Thermal Expansion Due to the wide use of carbon steel, 
the coefficient of expansion of alloys should be near that 
of mild steel 

Scaling Resistance. The metal should not oxidize or 
scale readily The resistance of carbon steel is not satis- 
factory above 1,150° F in the furnace Up to 1,300° F 
the 4-6% chrome alloy appears satisfactory, and higher 
chromium content is required for resistance at higher 
temperatures 

Cost Since carbon-steel tubing costs about SO 05 per lb , 
any alloy to supplant it must be fairly reasonable in price 

The above properties are not developed to the fullest 
degree m any one metal Carbon steel is deficient with 
respect to corrosion resistance and high-temperature pro- 
perties, the familiar 18-8% chromium-nickel alloy is almost 
ideal with respect to corrosion resistance, scaling resistance, 
and strength, but has a bad record in respect to high- 
temperature stability and swelling prior to bursting Where 
corrosion as experienced in pressure distillation, i e from 
hydrogen sulphide in the absence of liquid water, becomes 
a factor, many refineries are using one of the 4-6% 
chromium-steel alloys, which in addition to corrosion 
resistance have higher strength at elevated temperatures 
than carbon steel, and are otherwise quite similar to mild 
steel Carbon steel and the 4-6 % alloy at present consutute 
the great majority of tubes in actual service, and for this 
reason are treated herein at greater length than other 
materials 

Where corrosion is not a factor and great strength at 
high temperatures is desired, special alloys are being 
offered by the tube mills It is thought that the use of 
extremely thick tubes at high temperatures can be avoided, 
with savmg in weight, cost, &c 

These alloys may be regarded as first-quality mild 
carbon steel to which are added small percentages of 
molybdenum, chronuum, manganese, &c , to enhance the 
bi^-tempcrature strength 

Interested parties should apply to the steel and tube 
mills for detailed information to solve their particular 
problems, because as yet the industry has httle practical 
experience to report, on other than chrome alloys 

Surface Coatings. Tubes surface coated inside and out 
with calorizing and chromium plating are available These 
must be regarded as in the expenmental stage until a few 
years of successful service are reported. 

B. Choice and Design of Tubing 

Corrosion. 

There is no corrosion problem, relatively speaking, when 
sweet oils are processed For oils having a low sulphur 
content, plam carbon-steel tubes are satisfactory in nearly 
all heaters But as the industry goes to sour and sulphur- 
beanng oils, especially at temperatures above 600° F, 
corrosion usually becomes appreciable Steel gives a life 
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from 3 to 8 years m the former service, but in the latter it 
may last less than 1 month Most Mid-Continent crudes 
(especially those fiom the south and west) are corrosive 
at the high temperatures of cracking coils, but not parti- 
cularly corrosive in pipe-still furnaces If the corrosion is 
of the usual type, due to sulphides, 4-6% chrome can be 
expected to give a life several times that of carbon steel 
In general, the greater the sulphide corrosion of mild steel, 
the greater the relative hfe of the 4-6% alloy Table I 
below illustrates this point 

Table I 

Approximate Life of Tubes subjected to High-temperaturc 



Sulphide Corrosion 



Ltjc carbon 

Life 4-6% 


Sen ire 

\terl 

ctuome 

Ratio 

Mild 

8 years 

10 years 

125 1 

Moderate 

, 2 „ 

8 

4 1 

Severe 
txira severe 

4 year , 

4 . 

3 1 

2 

6 1 

10 1 


The chrome-nickel (1 8-8) alloy is very definitely resistant 
to sulphide corrosion, in extra severe corrosion it would 
last, probably, upwards of 20 years On the other hand, 
the cost of this alloy is so high and the restrictions as to 
temperature of use so exacting that it is not being advo- 
cated as widely as formerly, except where extreme strength 
at temperatures below 1 ,200” f is essential 

Corrosion agents other than anhydrous sulphides may 
be met occasionally 

(1) Chlorides yielding hydrochloric acid, in the presence 
of water 

(2) Sulphur dioxide in the presence of water 

(3) Sulphides in the presence of water 

(4) Miscellaneous acids 

Chromium in the alloy is not hkely to improve the steel 
in the face of these corrosives 

The behaviour of metals in corrosive service frequently 
cannot be predicted from theoretical consideration, 
laboratory test of the stocks, &c It is far better to run 
a preliminary test in service, following the procedure 
developed by the General Committee on Corrosion of the 
American Petroleum Institute [6] The test specimens 
should include mild steel, 4-6% chrome alloy, 18-8, and 
others as desu-ed So far as we know, alloys contauiing 
appreciable percentage of chromium are the only ones of 
value in resisting corrosive attack except in the cases listed 
above 

The general demand for chrome steels has recently 
brought to the market 2 and 8% chromium alloys, whose 
properties and cost are beheved to be roughly proportional 
to the percentage of chrome content 

Allowmg for the variation of corrosion with temperature 
of the oil, some heaters are built m part vwth chrome tubes, 
the remamder mild steel Where temperatures at the inlet 
are below 700° F , carbon-steel tubes might be used up to 
the point when 700" F is reached, then a chrome alloy 
Then later in the coil, where there is a decided coke film. 
It might pay to use carbon steel again because of the 
decrease in corrosion rate under a coke film. 

When past experience is not available and tests cannot 
be run, modem practice is to build the heater of carbon 
steel m locations where corrosion is doubtful and retube 
with an alloy when necessary. 


High-temperature Strength. 

In recent times the trend has been towards progressively 
higher pressures and temperatures, m various heating pro- 
cesses, and to longer battery runs These are serious factors 
in tube failures, nevertheless, there probably are as yet 
few heaters operatmg in which carbon steel would not give 
a good account of itself in respect to strength. 

Alloys, however, are being introduced for their value in 
resisting stress at high temperature as well as corrosion 
High-tcmpcraturc properties and design problems will 
be discussed with reference to several elements below 
Design Formula. A variety of formulae are available, 
ranging from the simple Barlow formula 



to extremely compheated expressions involving heat trans- 
fer, elastic moduli, conductivity, &c On the basis of both 
theoretical and practical considerations the Clavarino 
formula is recommended This is given below in a form 
which assumes Poisson’s ratio to be 0 3 This formula is 
used satisfactorily for lines and heater tubes In the latter 
case the theoretical calculations of many authorities [8, 
1931] show that a large and senous ‘thermal stress’ can 
exist, in fact, bulging of tubes is reported and attributed 
to thermal stressing in at least one case [5] in a boiler 
furnace On the other hand, other authorities [2, 1930, 
3, 1932] discuss theoretically thermal stressing, and con- 
clude that It IS unimportant 

Practical experience in cracking heaters confirms this 
conclusion, so that the Clavarmo pressure-stress formula 
IS found amply conservative 

Allowable Stress Steel in temperature service m boilers 
was traditionally designed for a working stress determined 
by dividing the ultimate tensile strength at room tempera- 
ture by a factor of safety ranging from 4 to 6 At the higher 
temperatures of oil heaters (and modem boiler practice, 
also) the concept of creep is considered very important 

There is a wealth of literature describing the creep of 
metals, this being a very slow deformation or flow ex- 
hibited under stress at high temperatures [9, 1934] The 
essential and generally agreed on facts are outhned below 

(1) Most authorities believe that all metals even at 
ordinary temperatures and ordinary design stresses (say, 
16,0001b persq in in steel) undergo gradual deformabon, 
but at an extraordinarily slow rate 

(2) It IS a provable fact that, at moderate temperatures, 
keepmg the temperature constant and increasing the stress 
markedly increases the rate of deformation 

(3) Keeping stress constant and raising the temperature 
will markedly increase the rate of deformation 

(4) With the usual specimen of mild steel m a tensile test 
machine at a temperature of 1,(XX)° F , exposed to a stress 
of about 6,000 lb per sq in , the creep or extension of the 
specunen in 1,000 hours is about 01%, or 1/1,000 in 
per m This would become about 1 % in a year, at this rate, 
and such an amount of deformation may be serious 

Although creep is recognized as of real imporUnce, it 
IS not at the present time herein recommended as the sole 
basis for allowable stress in tube design 

This decision is a matter of several years’ pracUcal 
experience. 

Several reasons are 

(1) In the past, due to the lack of a standard test pro- 
cedure, the different authonues and the different vendors 
of tubing were publishing quite different values for creep 
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properties of the same metals, values which differed from 
one another by several hundred per cent 

(2) Many perplexities about creep still exist, referring 
m particular to the procedure for extrapolating a 1,000- 
hour test to 30,000 hours’ service, the effect of cycles of 
temperature and stress, hysteresis, compound stress, &c 
A standard procedure is now available and the laboratories 
and vendors are publishing values which agree with one 
another, so that in time reliable creep design will be 
practical 

(3) The allowable stress problem cannot be entirely 
dissociated from the tube-temperature problem, this pomt 
IS discussed later, under Metal Temperature 

(4) Finally, a practical analysis of the creep situaUon 
may be set up in two thoughts First, the tube is not to 
fail suddenly with an explosive burst as it operates under 
temperature This can be prevented by a working stress 
obtained by dividing the ultimate strength of the metal 
at the high temperature by a generous factor of safety 
Secondly, at a reduced stress so computed the tube at 
the worst will do no more than swell slowly durmg days 
and weeks of operation, and the operators and mspectors 
will detect the swellmg and remove the tube 

In practice bulgmg by creep is not found to be an ex- 
pensive problem, failures and split tubes happen occasion- 
ally, and these are found to due to extra thick coke 
inside the tube, or flame impingement, the local heavy 
scalmg of the tube testifymg to unusual and excessive 
metal temperatures. Fig 1 is a typical example 

Objections can be raised against basing high-temperature 
design on the ultimate tensile strength determmed m a 
short time-test, but, from a practical pomt of view, when 
the factor of sidety is chosen properly to avoid excessive 
failures from bulged or split tubes, then creep and similar 
consideraUons give little or no trouble to the operators 

The computation of numerical values of allowable stress 
IS given on a later page 

Metal Temperature. 

The temperature of an insulated Ime containing hot oil 
or vapour is practically the same as that of the oil or 
vapour If the Ime is bare, or m a hot furnace, so that heat 
conduction is takmg place, the temperature of the metal 
will be proportionately less or greater than the oil tempera- 
ture In practice the actual oil temperature is used, except 
inside a furnace In the latter case the temperature had 
best be actually measured with appropriate thermo-couple 
equipment [5] 

Some heaters are operated by tube metal temperature 
readmgs These are taken by alumel-chromel wires m- 
serted m small dnll-holes m the tubmg, the tubmg being 
peened with a centre punch around the drill-holes so as to 
contact and hold the wires securely The couple wires are 
msulated by porcelam and surrounded by a protector-tube, 
usually of 18-8 alloy This latter is securely welded to the 
heater tube to exclude furnace atmosphere An installation 
of this type requires calibrauon m actual service, which is 
carried out by installmg three alumel-chromel couples as 
near as possible to each other, one each of 20-gauge, 
12-gauge, and 8-gauge wire Simultaneous readmgs of the 
several couples taken under operation are plotted and then 
extrapolated to zero diameter wire This is considered the 
true temperature and compared with the tube-enclosed 
assembly to give a correction to be added or subtracted 
at any future time when true temperatures are desired 

Many measurements of tube temperatures have been 


made, showing in excepUonally severe cases that the heater- 
tube metal temperature may run almost to the furnace 
temperature, 1,450° F, 500° above the oil temperature 
Measurements further show that the tube wall operates 
through a range of temperature, startmg fairly close to the 
oil temperature and generally ranging upwards throughout 
the run, due to coke deposition Coke is the real ‘ bugaboo ’, 
the cause of excessive temperatures and split tubes 

Coke deposition in the tubes affects the tube metal 
temperature so as to require process handling of various 
kinds, VIZ the charging to cracking units of stock specially 
selected for cleanliness as to coke, or ‘clean circulation’ 
type of units, in which the charge oil is cleaned up pnor 
to passing through the furnace tubes, shielding of the 
cokmg zone, so that the group of tubes in which coke 
deposits IS shielded from high furnace temperatures, 
finally, as a last resort, the use of excessively thick or 
strong tubing so as to withstand almost the full furnace 
temperature 

Because of the many varied means of handling this 
situation simple rules of thumb or arbitrary determinations 
of the tube metal temperature cannot be laid down here 
In general, the effect of the coke must be determined by 
the refinery engineer for his each individual applicaUon, 
takmg into account the type of cracking or distillation 
cycle, nature of the charge oil, location of tubes m which 
coke deposits, thickness and nature of the deposit, the rate 
of heat transfer m the furnace, and the likelihood of flame 
impingement On a later page is outlined a type of calcula- 
tion which can be used when these factors can be reason- 
ably evaluated 

It is also this factor of uncertainty which makes it highly 
advisable to base allowable stress on ultimate tensile 
strength divided by a factor of safety A creep-strength 
figure appertains to some one particular temperature, but, 
as stated, a tube docs not ordinarily operate at a definite 
temperature, rather it operates through a range of tem- 
perature 

The designer of tubing predicts the metal temperature, 
and then uses a factor of safety to protect against uncer- 
tamties in allowable stress and adverse furnace conditions 

Minimum Practical Thickness. 

Even if a tube metal should be developed givmg an 
cxtraordinanly high tensile strength, no one would con- 
sider operating tubing down to a razor-blade thickness 
Actual corrosion is characterized by a certain amount of 
pitting, and is nearly always decidedly uneven m one way 
or another It is rarely proper to assume that the inspectors 
will locate the thinnest point in a line, so that m practice 
lines are condemned at quite appreciable thickness 
Fig 2 illustrates an occasion when the mspector did locate 
the pit, obviously, one should not rely on always doing so 

Other consideraUons enter, such as likehhood of the 
hne or tube being torn loose by weight, by thermal expan- 
sion, or by pressure surges A rational scheme for Imes 
m general is to classify the units into extra hazardous and 
ordinary types, for the former, the mimmum practical 
thickness will be set at the thickness for operation at 700 
lb per sq m at 950° F , for the latter, minimum thickness 
will be required for operaUon at 200 lb per sq in at 
700° F. This system is detailed later 

Money Value of Hlgh-temperatnre Strengfli. 

The balance betweoi the cost and the value of higih- 
temperature strength cannot be struck with precisitm. 
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The published values of such strength are not yet rehable, 
the uncertain metal temperature is a factor, and, finally, the 
minimum practical thickness will usually condemn heater 
tubmg before the theoretical design strength comes mto play 
Added strength is certamly worth a premium, because it in- 
creases the factor of safety agamst adverse conditions, 
reduces fire, reduces tube renewals, and mcreases safety 
PracUcal experience in specific locations is required to 
settle this pomt, and beyond a word of cauUon in pointing 
to mmimum pracUcal thickness in the above paragraph 
the matter is otherwise left to the individual designer 


Outhne of Tubing Design 

The following outline should be modified freely to con- 
form to local and individual applications 

Calculate allowable internal pressure for the allowable 
maximum stress by Clavarino’s formula 


P = 


10(D»-i/=) 


P ■=- allowable pressure, lb per sq in , 

S — allowable working stress at the temperature of 
operation, lb per sq in , 

D — outside diameter of tubing, in , 
d — mside diameter of tubing, m 


Allowable stress 


S 


_ TS 
FS 


TS — ultimate tensile strength, from short tune-test at 
high temperature 

Design values for 0 10-0 20% carbon steel and 
4-6% chrome, and 18-8% chrome-nickel are 
tabulated below Values are for material m a 
soft, ductile condition suitable for tubing 


Ultimate Tensile Strength 




FS = the factor of safety. The value depends on the 
certitude with which safe operating stresses are 
derived by past experience, and with the reliance 
to be plac^ on the estimation of true metal 
temperatures, &c 

A value of 6 is suggested for use m crackmg 
process heaters 

Some authonties recommend mcreasmg the 
factor of safety at higher temperatures, and this 
step IS recommended as in accordance with the 
trend developed by creep tests. 


Metal Temperatures. 

For tubing outside a furnace zone, use the temperature 
of the oil or vapour carried by the Ime 
In a furnace the metal temperature is computed from 
the oil temperature, coke thickness, and the rate of heat 
transfer mto the tube in question In the absence of better 
and more specific information about the job he is workmg 
on, the designer may use the following scheme 


Temp of oil 

r°F 

(1) 

Temp drop through liquid film 

Q 

150 

(2) 

„ „ coke 

QxL 

20 

(3) 


Temp of metal — Sum of above terms 
Q = maximum rate of heat transfer into oil, B Th U 
persq ft per hr 
L — coke thickness, in 

Minimum Practical Thickness. 

The establishment of this thickness depends somewhat 
on local condiuons For example, in the presence of 
extremely uneven or spotty corrosion some compaiues 
have found it practical to renew tubes or lines on the basis 
of a definite number of hours of operation, rather than 
attempt tedious drillmg and callipcrmg 
The system outlined below, however, is based on 
hammer testing and careful callipermg by competent m- 
spcctors The minimum practical tube metal thickness for 
each tube or line is to be computed for the temperatures 
and pressures listed in the following outline, dependmg 
on the service of the umt on which the line is located 

Classification of Refining Umts. 

A Pressure units (high temp , high press , or both), 

1 Heater tubes 

a In furnace — Radiant zone 

Convection zone 
Clean circulation — ^no coke 
b In junction box or header 

2 Units operaung above 200 lb per sq m 

a Lines above 650° F — Use 700 lb per sq m. 
at 950° F 

b Lines below 650° F —Use 800 lb per sq m. 
at 650° F 

3 Units operating below 200 lb per sq m 

a Lines above 650° F — Use 500 lb per sq in. 
at 1,000° F 

b Lines below 650° F —Use 600 lb per sq m. 
at 650° F 

B Non-pressure umts (crude stills, pipe stills, &c ) 

1 Heater tubes 
a In furnace 

b In junction box 

2 Luies (fractionaung towers 25 lb per sq m or 
less)— Use 200 lb per sq. in at 700° F. 

The above classification reqiures an arbitrary table for 
heater tubes, somewhat as follows 
It IS understood that each tube or line will stand on its 
own merits, that is, will be renewed on the basis of the 
actual temperature, pressure, and thickness before the 
muumum practical thickness is reached, if actual computa- 
tions call for such a step 
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Heater Tubes 


OD of 
tubing 


Pressure units i Crude lopping 
(High press or high temp ) , pipe stills 


j In furnace , Inbox 

I 0 16 in , 0 12 in 

' 018 ' 0 15 , 

' 0 20 , , 016 , 

0 22 .. 0 17 

027 ' 021 , 


\ In furnace \ Inbox 
I 0 12 in I 0 10 in 

; 0 12 „ 0 10 „ 

1 0 12 1 010 „ 
0 12 .. I 010 . 

' 0 12 „ I 010 

' 0 12 „ 0 10 .. 

0 14 0 12 .. 

0 15 I 013 . 

0 16 „ I 0 14 .. 


It IS further the practice in preheater design to purchase 
new tubes always with a corrosion allowance, this being 
an added thickness of metal over what is theoretically 
demanded for strength, as the tubes thin due to corrosion, 
bulged and possibly split tubes will begin to show in 
a gradual manner and mdicate the need for rctubing 
irrespective of any theory 

Practical considerations of this nature must be watched 
carefully, in view of the present-day imperfect development 
of hi^-tempcrature design 


Cost of Tubing. 

The cost and value of tubing are primarily to be corre- 
lated with corrosion resistance The following table 
[1, 1934] IS a rough picture of the situation 


Material 

Carbon steel , 

Carbon-molybdenum 
2% chrome „ 

4-6% „ 

8 - 10 % „ 

18-8 


Corrosion-ltfe 
Cost ratio* ratiof 

1 5 1-1 25 

2 1 2-2 5 

3 29 , 4 25-6 75+ 

8 66 10-12 5 

10 6 16-25+ 


* Approximate — based on car-load quantities 
t From service records and esuraates 


C. Inspection Methods 

The safe operation of tubing m corrosive service at 
high pressure and temperature demands a detailed m- 
spection system This should involve a chief inspector and 
other men as necessary for actual inspection and keeping 
of records After every run of a unit certam lines and 
nipples are hammered to detect thin spots, and special care 
IS taken m the inspection of all the furnace tubes which 
are heavily fired Badly scaled tubes are sometimes removed 
because of scahng alone, usually they also show a bulging 
and a saggmg If the swelling is umform, an increase m 
diameter up to about 5% is often permissible If the bulge 
is in any degree nregular, the tu^ is removed Crooked 
tubes are rarely removed because of sagging alone 

The frequency and the rigour of inspection depend 
largely on the nature of the corrosion and the hazard to 
life and property A pressure battery m moderately cor- 
rosive service is completely overhaul^ every 6 months, m 
addiuon to the necessary attention after each run The 
thicknesses of all lines and tubes are checked by dnlhng 
or by calhpering, at as many points as necessary Special 
care is given hnes near welds, valves, bends, or other pomts 
of turbulence Furnace tubes have been found to undergo 
accelerated corrosion at the foUowmg pomts in or near 
the junction box, on the flame side, on the top of the tube. 


on the bottom of the tube, in other words, almost any- 
where in the tube 

After a field check of lines and the necessary renewals, 
the engineering oflice carefully computes the allowable 
temperatures and pressures of operation and notifies the 
operating department of their findings A diagrammaUc 
sketch of the unit showing all hnes and coruiexions is made 
New lines are coloured black, lines far above minimum 
thickness are coloured green, lines one stage thinner are 
coloured yellow, and tubing approaching minimum thick- 
ness IS coloured red for warning The chart is posted in 
the control house for ready reference of the operators, 
inspectors, and craftsmen on the unit 

Increasing use is being made of ‘Sentry Drilling’ of hnes 
This is the drilling of numerous small holes, appropnately 
spaced, into the wall of severe-duty tubing, the holes are 
drilled almost through the minimum allowable thickness 
of the tube in question, so that when corrosion has thinned 
the hne to where it becomes unsafe— rather, undesirable 
for safe operation — there is a small blow-out through the 
dnll-hole These blow-outs are mild, perfectly safe to 
operating personnel, and a very eflcctive warning of other- 
wise unsuspected corrosion 

Sentry drilling is to be regarded only as adjunctive to 
regular inspection methods 

D. Purchase 

Seamless carbon-steel tubing is purchased under several 
specifications, the designations of these are listed below 
in the order of decreasing quality 

1 Association of American Steel Manufacturers, MSS 
no 100 This IS of the highest grade, suitable for heater 
tubing Actually, it is extensively used for all tubes and 
oil-lmes on hazardous refining units, up to 1,200" F It 
will usually be satisfactory to order hot rolled, ‘average 
wall’ tubing 

2 American Society of Testing Materials A 106, 
Specifications for Seamless Steel Pipe This material is 
furnished with less rigid grading, but is quite suitable up 
to 750° F 

3 A S T M A 53 Specifications for Seamless Steel Pipe 
These apply to material for service where ordinary lap- 
welded pipe could be used, say, to 350° F , but the seamless 
hne IS preferred 

Alloy tubes of 4-6% chrome arc ordered by A A S M , 
Manufacturers Standard Specification no 200, for heater 
tubes and all hnes Several points deserve mention 

(а) This material is air hardening, and care must be taken 
to receive annealed tubing which can be cold rolled and 
flared mto the header boxes successfully A Bnnell Hard- 
ness no of 170 maximum will ensure ease of rolhng 

(б) No objections are found m service to the less ex- 
pensive 0 20% maximum carbon variety for heater tubes, 
the 0 15% maximum carbon is preferr^ for welded lines 

(c) The 4-6% chrome-molybdenum variety iS to be pre- 
ferred where freedom from brittleness m the cold is desir- 
able Bnttleness can be temporarily inhibited in all types 
of this alloy by heating to 300" F for decoking by knocking, 
but the possibility of cold splits [10, 1934] returns when 
the metal cools again 

The corrosion allowance will depend theoretically on 
the corrosion rate for the type alloy, the life desired, and 
a host of unknown factors which may come mto play in 
the future 

We recommend, in the absence of better mformation, 
the purchase of tubmg about 1 m thicker than the mnu- 
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mum practical thickness for the size and intended service, 
this i m m general serves as the usual corrosion allowance 
In the case of outside hnes in the larger sizes, particularly 
when costly fabncated pieces are involved, a more generous 
corrosion allowance than i m will be economical 

Corrosion allowance should be ample, because 

1 Recovered tubing is always of value 

2 Added thickness is a factor of safety against bursting 

3 If the allowance is on the light side and unexpectedly 
corrosive stock is encountered, the whole corrosion 
allowance might be used up in a single battery run, 
before the fact could be discovered 

HEAT EXCHANGERS 

In most refinery distillation equipment a large number of 
various makes of shell and tube exchangers and condensers 
are installed In view of certain limitations, particularly 
costly tube replacements, shell and tube exchangers in 
several recent large installations were confined to oil and 
vapour service, none being installed to use water for cooling 
In the latter case submerged coils of thick tubing were 
used But in many cases the effiaeniy of these exchangers 
and condensers is such as to warrant their use, although 
costly replacement of tubes is experienced In one refinery 
alone approximately 130,000 tubes are in use Popular 
sizes are I m X 18 gauge, } m x 16 gauge, and 1 in x 14 
gauge, and lengths vary from 5i to 20 ft , with 12 ft 
being the usual length 

Various kinds of metals have been tried, but for most 
purposes brass (Red Brass and Admiralty) and steel are 
standard , other alloys are expensive and their performance 
does not justify their use, except m the face of oil-to-oil 
corrosive service 

An idea of the replacements may be estimated by 
considenng the 130,000 tubes mentioned above These 
tubes have an average life of 3 years, which means that 
45,000 tubes will be the yearly replacement requirement in 
the refinery mentioned Not only is the expense of pur- 
chasing new tubes and labour for replacement an important 
Item, but operating tune on valuable umts is lost due to the 
failure of tubes This is particularly true on an oil-to-oil 
exchanger where the coolmg medium may materially con- 
taminate the distillate A unit charguig 10,000 to 15,000 
bbl per day may come down prematurely while exchangers 
or condensers are unheaded, and tubes plugged or replaced, 
also considerable engmeermg and mechanical work have to 
be performed to stop leaky bundles Even when repairs are 
accomplished there is no knowmg just how long before 
the imit must again come down for some other tube failure 
in the same or a different bundle This process of shutUng 
down a unit, repainng bundle, and gomg back on the line 
is soon repeated unless great care is used in the proper 
selection of tubes 

Several reasons for tube trouble are listed as follows 

(a) Corrosion within the tubes (water or oil) 

(b) Corrosion outside the tubes (oil or vapour) 

(c) Mechanical failures (erosion, cracking, buckling, and 
pullmg from tube sheet) 

CtMTOskm widiin the Tubes (Water or OQ). 

Corrosion from the water is prevalent in the Gulf Coast 
region where brackish water for cooling prevails A parti- 
cular type of corrosion on brass tubes usmg brackish water 
IS that known as dezincification, whereby plugs of copper 
axe formed m a brass tube either by subsbtubon of copper 


for zinc or by dissolving of the whole brass and redeposit- 
mg, m place, the copper in the form of a plug Dus type 
of failure is well known in services other than relink 
service, such as marme service This is particularly severe 
in a refinery because it mcreases with the temperature. 
Practically of the Admiralty failures in condensers 
in the Gulf Coast region, where brackish water is used, 
arc due to dezincification 

Another important feature with respect to failure of 
condenser tubes is the plugging of the inside of the tube 
with a scale formed from sobds borne in solution by the 
cooling water This deposit must be removed penodically 
before it completely plugs the tube A preferred means of 
removal is pumping through weak, hot hydrochloric acid 
treated with inhibitor to prevent corrosion of the metal 
Also, sandblasting is used with a short, tapered nozzle 
suificiently small to be driven into the end of the tube If 
cleaning should be delayed too long it becomes necessary 
to drill out deposits in the tube with an auger attached to 
a long rod Tubes in oil-to-oil exchangers frequently have 
the inside nearly plugged with tarry matter or coke This 
may be cleaned by steaming, benzol washmg, or as m- 
dicated above 

Corrosion on Outside of Tubes. 

This consists of two kinds, aad and sulphide The 
acids are usually formed during processing of oil and are 
the results of hydrolysis of certain salts originally m the 
crude — magnesium chloride being the pnncipal offender 
Acid corrosion must be combated by neutralizmg by the 
injection of some alkah in the oil stream — ammoma being 
frequently used It is of interest to note that corrosion 
by acid is particularly severe at the temperature at which 
condensation of vapour to liquid takes place, above this 
temperature, or below it, tubes are much less attacked 

Sulphide corrosion results from action of H|S on the 
metal Hydrogen sulphide is either originally present m 
the crude, or it is formed from sulphur-bearing oils during 
the cracking or distilling process The temperature at 
which tubes operate has an influence on the rate of cor- 
rosion from sulphide 

Mechanical Failures. 

These consist of erosion, radial cracks, and buckhng 
Erosion is prevalent in those tubes adjacent to the vapour 
inlet of the exchanger and is due to the rush of vapours 
exerting a cutting acuon on the tubes To reduce this 
erosion some method of protection must be resorted to, 
such as installmg a baffle on the tubes to act as a target 
for the unpuigement of the vapours as they enter the 
exchanger Transverse cracks are common in only one 
type of tube, viz the 18-8 alloy, and are charactensUc of 
this metal The susceptibihty of this metal to such cracking 
IS sufficient to forbid extensive use of the alloy, although 
generally its properties are otherwise excellent Transverse 
cracking m 1 8-8 alloy is apparently not affected by the kmd 
of oil or cooling medium, but is usually the result of tem- 
perature change Buckling is due to frequent change of 
temperature and to uneven temperature distnbution Indi- 
vidual tubes which have become overheated expand more 
than the adjacent tubes, and buckle, thereby obtaining 
a permanent bow Whm temperatures are reduced the 
contracuon naturally pulls the distorted tube from the 
tube sheet The latter has occurred only m a very few 
instances 
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Choice of Tubing 
In general the followmg requirements are necessary for 
satisfactory exchanger or condenser tubes 

1 Easily obtainable 

2 Reasonable price 

3 Resistant to brackish water corrosion 

4. Resistant to sulphide corrosion 

5 Easily installed in bundle 
A large number of tubes of various analyses have been 
tested experimentally, and for one reason or another they 
have failed to replace steel and brass Steel is used com- 
monly m sweet crude for exchanger service m oil to oil 
Brass is commonly used among the more sour crudes. 
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particularly where acid is expenenced which may not be 
completely neutralized Brass is also used m water-to-oil 
coolers and condensers In spite of the large amount of 
expenmentation with various alloys none has been found 
to replace brass or steel, although there is great need for 
a more satisfactory metal It is difficult to state the hfe 
ofa brass tube In some classes ofservice tubes are replaced 
as early as 6 months, in other classes of service they last 
as long as 5 years, for the entire refinery, 3 years would be 
a rough estimate of the life of a brass tube m the Gulf 
Coast region where water is used as a coohng medium. 
Many key bundles, however, requue replacement after 
12 to 18 months’ service 
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This article will consider the history of development, codes 
of good practice, materials of construction, problems of 
design, fabrication methods for combating corrosion of 
pressure vessels, as well as factors which are associated with 
the economical use and safety of their operation 

The petroleum industry is one mvolvmg severe service 
requirements because of its hazardous nature and because 
of the demands for economical production of gasoline and 
other petroleum products 

General History of Petroleum Vessels 

The development of modern processes of oil refining has 
been accompanied by, and to some extent has been depen- 
dent upon, improvements in materials and methods of con- 
strucUon of equipment As long as the refining process 
consisted of the distillation of the hght fractions of oil at 
comparatively low pressures and temperatures, small vessels 
of relatively hght construction were adequate To-day, 
refinery vessels of large size and complicate designs must 
withstand a large range of operatmg conditions Operating 
temperatures may range for certain processes from atmo- 
spheric to 1,000° F . and for other processes from atmo- 
spheric to — 50° F These temperature variations may and 
usually do occur rapidly during the period when vessels ate 
put into or taken out of operation Operating pressures 
of several hundred pounds per square inch are common, 
and they may be as high as several thousand pounds per 
square inch 

The history of the petroleum mdustry shows the use 
of nearly every type of vessel construction in existence 
Vessels for this service have been fabricated by riveUng, 
hammer or forge-weldmg, hollow forging a large ingot, 
and autogenous welding For the most severe service in 
the petroleum mdustry, riveted and hammer-welded vessek 
are giving place to the autogenous welded and forged 
vessels, due largely to the great improvements made dunng 
the past few years in construction methods of the latter 
types and to the safety assured by the specificabons and 
codes which have been produced to cover these construc- 
tion methods No less than four large groups of users have 
by relatively recent codes and specifications covered the 
latter types of vessels 

The limitaUons of the forged vessels are associated with 
the size of steel mgots which can be cast and with the size 
and flexibihty of the forging equipment available for 
fabrication. The size of the autogenous welded vessel is 
limited only by transportation and erection facihUes By 
far the larger number of current vessel mquines specify 
autogenous welding because this method of fabneauon 
lends Itself to considerable variation m designs, and to the 
use of materials which are peculiarly suitable to the great 
variety of refining processes m use m the petroleum 
tndus^. Other determining factors m the selection of 
methods of construebon are service reliabihty and cost 
Although the metallic arc has been known and used for 
a considoable time, the modem type of aro-welding is 
comparatively new. The oil mdustry was the first to recog- 


nize arc welding on a large scale m spite of the fact that such 
equipment is subjected to perhaps the most severe service 
of any equipment 

The arc-welded pressure vessel for high temperatures 
and high pressures, and having strong ductile welds was 
first built for the petroleum mdustry m 1925 Since that 
time several fabricators have become proficient m this type 
of construction The relatively recent standardization of 
codes and specifications has safeguarded the construction 
of such vessels, so that the quesUon of reliability has been 
established on the basis of inspection by the use of radio- 
graphs, periodical tests on welded plates, and proof tests 
on the finished vessels 

Codes of Good Practice 

The most recent specification or code for the construction 
of pressure vessels has been established by the American 
Petroleum Institute jointly with the American Society of 
Mechanical Engmeers This specification or code con- 
siders the question of materials, design, and construction 
factors as well as the inspection and mamtenance of equip- 
ment in service It is intended to apply to vessels con- 
structed for petroleum liquids and gases There are five 
major divisions, which pertain to the followmg items 
W Design and constmction of Fusion-welded Vessels 
R Design and construction of Riveted Vessels 
F Design and constmction of Seamless-forged Vessels * 
I Inspection, Repair, and Allowable WorJung Pressure 
of Vessels m Service 
S Material and other Specifications ' 

It IS intended that these speafications be kept up to date 
by a relatively small workmg group comprising an equal 
number of users and fabneators of pressure vessels and 
assisted by sub-groups who are particularly interested m 
certam phases of the industry perummg to pressure vessels 
In this manner, the petroleum-pressure vessel will clothe 
Itself with the maxunum of safety consistent with sound 
economic requirements for the service of the mdustry and 
will also make use of improvements m design and methods 
of fabrication which may become available from time to 
Ume 

There are a few pomts which pertam to the code referred 
to which can be appropriately emphasized and which give 
the fundamental basis for its utihty. The code is the result 
of the work of experienced fabneators and users of pressure 
vessels who have pooled their expenence, which comprises 
tests on matenals and designs as well as knowled^ m 
various methods of construcuon and the hazards associated 
with operation The aim of the code is to state the require- 
ments of vessels and outlme methods of testing and m- 
spection which will ensure that the requuements are met 
without gomg into mbmate construcbonal details Know- 
ledge gamed from the testmg of large full-size vessels is 
incorporated m the requiiments for designs Matenab, 
depmdmg on the precauUons taken m their produebon, 
are given quahty factors consistent with the quahty of 
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such materiak as are discovered from service as well as from rolled into large plates The manufacture of steel plates 


fabncation experience The joint efficiencies which are 
allowed are made consistent with the care exercised in their 
producuon. and m this manner the tendency is developed 
to encourage the use of the highest quahty joint as being 
the most economical The safety factors are based on the 
failure strength of the vessel as a whole, and not on the 
calculated (^Imder strength which formerly was consider- 
ably greater than the strength of the vessel at some other 
location Allowable workmg stresses at elevated tempera- 
tures are based on long-time strength-values for steels at 
such temperatures In the periodic inspection requirements, 
allowance is made for the effects of corrosion and detenora- 
tion of equipment so that vessels are automatically retired 
from a particular service when the allowable pressures are 
below the requuements of the process The requirement as 
to the frequency of inspection is made dependent on the 
ha2ards of the service and on the deterioration rate of 
various types of equipment 


The foUowmg discussion will deal largely with the arc- 
welded pressure vessel because of the fact that the authors 
are particularly familiar with this phase of the subject, and 
because the older methods of fabncation have been de- 
scnbed in engmeenng hterature, and the fundamental 
qualities of these methods of construction have been 
understood, appreciated, and utilized over a great number 
of years 

With particular reference to the codes on autogenous- 
welded vessels, the type of data which will explam the basis 
for specifications will be given in detail under the follow- 
ing headmgs 

Materials of construction 
Problems of design 
Fabncation methods 
Methods for combatmg corrosion 

Materiab of Coistnictlon 

The load-canymg steels most appropnate for gesture 
vessel fabncation are those which can be ladifactonly 


for pressure-vessel construction has been profoundly in- 
fluenced by the adopUon of electric arc-welduig for fabrica- 
tion This has involved mamly the production of larger 
ingots than had heretofore been produced m this quality, 
and It IS now possible to secure plates up to 6 in in thick- 
ness of the correct analysis to give the physical properties 
required, with a satisfactory surface condition and good 
weldability So satisfactonly has this been accomplished 
that the vessel manufacturer is now assured of a reliable 
source of plate stock for all commercial requirements 
Much credit is due to the steel producers for the skill and 
enterpnse they have put into this phase of vessel fabrica- 
tion The load-carrying materials include carbon and minor 
alloy steels The carbon steels, are, in general, the least 
expensive Where light weight, relatively thin sections, or 
resistance to certain fluids or shock is required, the low 
alloy steels may be economically permissible b^use of 
their relatively improved physical properties or improved 
resistance to corrosion and deteriora- 
tion The discussion of the produc- 
tion and specifications for suitable 
load-carrying steels is treated under 
a separate article 
Highly corrosion-resistant steels 
are necessary under certain condi- 
tions because no suitable substitutes 
have been discovered These steels 
are expensive and are limited in 
economical application as load- 
carrying materials They need not 
be cast into large ingots b^use they 
arc applied m relatively thin sections 
Where the operatuig conditions 
permit of a thm wall, the entire 
vessel may be made of these more 
costly materials The majority of 
petroleum vessels subjected to cor- 
rosion, however, require consider- 
able thickness, and, therefore, make 
It more economical to use carbon or 
low-alloy steels for load-carrying 
purposes with the addition of a 
lining of some corrosion-resistant 
steel or other material which may be 
apphed as a protection against corrosion. 

To answer the question pertainmg to the use of steel at 
various temperatures, a careful study of the test results 
available is required It is well known that at elevated 
temperatures, steel may have an ultimate strength con- 
siderably below Its strength at ordmaiy temperatures, and 
that Its long-time strength is considerably below its short- 
time strength This relation between long- and short-time 
strength is clearly illustrated by Fig 1, which ^ows test 
dau for a 0 20-0-30% plam carbon steel at 900* F The 
method of testmg to produce the above type of curve is to 
take several specimens of a particular steel and at a definite 
temperature to load each to a different stress until failure 
occurs The tune for failure and the test stress for each 
specunen is then plotted and the resulting curve drawn 
The value of stress, obtained from that portion of the curve 
which is parallel to the time axis, represents the stress that 
the steel can cany for an uidefiniU^ long penod at the 
tonperature of test This method of testmg was first out- 
lined by Mr H J. Frendi IL 1925], when on the Staff of the 
Bureau of Standards Fig 1 indicates that at 900* F. the 
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lesser expenence until such time test data become 


short-time ultimate strength IS about 35,000 lb persq in, 
while the long-time ultimate strength is 18,000 lb per sq m 

Pig 2 shows the test data which were obtained m a differ- 
ent manner and represents the long- and short-time limit 
of proportionality for this steel at 900° F This method of 
testmg was first used by one of the authors in 1928 
stress-strain curve represents a dif- 
ferent rate of loadmg the test speci- 
mens The value of the limit of 
proportionality for each rate of 
loading IS plotted along the stress 
axis, and the time dunng which each 
increment of load was allowed to 
exert Itself is plotted along the tune 
axis It will be noted that the pro- 
portional lumt is higher for the 
more rapid rates of loading and 
approaches a constant value as the 
tune interval between loadings in- 
creases The constant stress which 
the curve approaches has been called 
the long-time limit of proportion- 
ality By this means the long-time 
proportional limit at 900° F can be 
obtamed on a suigie specunen if 
the interval between load-mcrement 
appbcations is greater than 9 hours 
From Fig 2 it may be seen that the 
long-tune value is 1 1,700 lb per sq 
in . and the short-time value 18,000 
lb per sq in 

Another method of obtaining test 
results for elevated temperature 
operations is known as creep testing 
A great number of workers have 
used this method, and smee it has 
been very ably and comprehensively 
covered m a book entitled Creep of 
Metals by Tapsell (Oxford Univer- 
sity Press, London, 1931), a detailed 
dewription will not be attempted 
here The reliabihty of the results 
obtained by this method depends 
largely on the use of very sensi- 
tive and accurate measurmg instru- 
ments and temperature-control 
devices, and on the elimination of 
oxidation of the test samples dunng 
the period of testing 

A committee of the Amencan 
Society for Testing Matenals has 
been working on the testing of metals at elevated tem- 
peratures for a considerable penod of tune Other groups 
m Europe have also done much work along this line, so that 
a veiy large amount of test data is available to help the 
designing engmeer m selecUng appropriate workmg stresses 
for various steels at elevated temperatures 

The curve shown m Fig 3 has been adopted by the jomt 
A P I -A S M E Code Committee as a pracUcal and safe 
mterpretabon of the test data available It may be said in 
general that the values represented are based on a large 
expenence with carbon ste^ and a lesser experience with 
normal load-carrying alloy steels Smee it is a characteristic 
of most alloy steels to mamtain higher rdative stmigths 
at elevated temperatures, the application of the curve m 
Fig. 3 to Ioad<anying allc^ ste^ will compensate for Uus 


available 

The long-tune ultunate strength and the long-tune limit 
of proportionahty would seem to be most useful cnteria m 
selectuig workmg values for elevated-temperature opera- 
Uons Such values are obtainable on equipment m which 


no extraordinary precautions are necessary, and the results 
are reproducible if reasonable laboratory precautions are 
used m the operation of equipment 
The use of steel for low-temperature refiiung processes 
has brought about the practice of low-temperature testing 
The question of strength at low temperature is not as crucial 
as It is at elevated temperatures bmuse it is well known 
that this physical prepay « npt pmaired as the tempera- 
ture is decreased to low v^ues Sh^ resistance and 
ductility, however, may be greatly reduced m steels operat- 
ing at very low temperatures In some steels the rate of 
decrease of these properties IS much less than mothers For 
this reason, testmg methods have bem devised and utilized 
to select appropriate steels for low-temperature operation 
when shock resistance and ductihty are requir^ The- 
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impact test has been used most particularly to riimmnto. 
undesirable steels from low-temperature service Fig 4 
shows typical impact values for 2i% mckel-steel plates and 
0 20-0 30% carbon-steel plates at various temperatures 
[3, 1934] The carbon steel shows a very much greater 
decrease m vtdue at low temperatures than does the mrWrf 
steel While the notched-bar impact test may not represent 
service conditions, it is useful m selecting types of steel that 


correctly shaping the vessels and adequately reinforcmg 
the openmgs Fig S shows the relauve strength of the 
cylinder wall, an unreinforced openmg, and a dished head 
Fig 6 shows similar information taken when the openmg 
was properly remforced and when an elliptical head of 
proper proporuons was used The safe operation of 
pressure vessels is more nearly assured if attention is paid 
to designs which bring all parts of the vessel to a balanced 




TtMPERATURt Of TEST IN f* 
FlO 4 


load-carrying value Adequate at- 
tention to such details may make 
vessels from 60 to 100% stronger 
with little or no additional expense 
The authors would like to cite one 
series of repeated pressure tests 
made by the Babcock & Wilcox 
Company under the supervision of 
Prof H F Moore [4, 1931], which 
confirms the importance of the 
adequate reinforcing of even small 
openmgs if full advantage is to be 
taken of available safety measures 
These tests show conclusively that 
lack of reinforcement may very 
materially reduce the strength of the 
unreinforced small opening This 
method of testmg, as used by Prof 
Moore, affords a means for deter- 
mining weaknesses in designs of 
pressure vessels It is not intended 
to convey by this reference that the 
petroleum vessel in general presents 
a problem m which repeated change 
of pressure enters as a m^or factor 
Vessels used at elevated tempera- 
tures, even though correctly de- 


have inherent superior shock-resisting quahties When 
once this information is secured the type of steel can then 
be speafied largely on the basis of chemical composiuon 
and heat treatment Impact values have not been used in 


signed, require care in operation to 
prevent too rapid temperature changes especially at open- 
ings This source of danger resulting from high differential 
stress 1$ too little appreciated A number of fractures have 


steel-null specifications because the resultant cost would 
have been increased to a degree which is not warranted 


Problems of Design 

Test results on full-size vessels have greatly helped the 
engmeer on his design of pressure vessels Figs 5 and 6 



Fio 5 

are self-explanatory and bnng out clearly the very con- 
siderable value of such tests Burst-test data on vessels, as 
published in the hterature by a considerable number of 
engmeers, have confirmed the advantages to be obtained by 
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Deformation In S1raln-Gog« Unih 
Fig 6 


occurred at pomts where pipes mtroduce cold or hot 
hqiuds into vessels at the start or finish of operations If a 
temperature differential of several hundred degrees occurs 
in the vicinity of an opening or other locations, a stress 
exceedmg the strength of the steel can be set up 
The oil-iefining industry is confronted with «w«tf>niii 
conditions dunng operation tending to cause high pressures 
which are. no doubt, well understood and guarded 
by the careful operator For instance, if by mischance a 
slug of water should be mtroduced mto an operating vessel, 
a veiy rapid increase of pressure may occur with which 
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safety valves may be unable to cope, with the result that 
the vessel is very materially overstressed. Almost complete 
elimmation of air is necessary when bnngmg cracking 
equipment mto operaUon, otherwise as the temperature 
increases a condiuon may be reached which will result in 
an internal explosion It may seem unnecessary to draw 
attention to these conditions which are so generally known 
and so easily guarded against by the mdustry at large It is 
done simply to pomt out that correct design does not relieve 
the operator from maintaininga vigilant campaign for safety 

Fabrication Methods 

The typical refinery vessel consists essentially of acylinder 
with he^s It also has various openings ranging m size 
from small pipesxinnexions to manholes 24 in or more in 
diameter 

The cylmdncal portion of the vessel may be an assembly 
of a number of shorter cylinders or it may be made up of 
longitudinal plates which are pressed to form parts of the 
cylinder Short cylinders or rings may be made by expand- 
ing a pierced ingot by forging or roUing, but the method 
most commonly used is that of rolling a plate into a cylinder 
and weldmg the longitudinal seam The heads are either 
spun or pressed from plates, and such parts as nozzles, 
manholes, &c , may be made of plates, forgings, or castings 
Before fabncation starts, the materials are given a thorough 
inspection to ensure that they meet the specifications, after 
which they are cut to size by torch or machine The plates, 
in so far as is practicable, are scarfed in the flat to produce 
the welding groove, and are then formed to shape Care is 
taken not to work the material too severely while it is cold, 
and therefore it is considered necessary to heat the heavier 
plates prior to forming 

The equipment necessary for the building of thick-wall 
pressure vessels must be large and powerful in order to 
fabricate them in the most satisfactory manner Large 
furnaces equipped with accurate temperature control are 
necessary to heat the plates umformly so that no damage 
occurs to the matenal and so that good commercial 
tolerances in fabrication may be mamtamed To form 
plates mto cyhnders or heads, the work should be done m 
as few operations as possible to avoid embattling the plate 
surfaces Rolls or presses capable of forming plates up 
to and above 6 m in thickness are, therefore, necessarily 
massive and powerful 

After the parts are prepared and formed, they are 
assembled and tack-welded to hold them m place for the 
welding operaUon The butt type of joint is used for the 
longitudinal and circular seams on the shell sections and 
also for the longitudmal seams on manhole and nozzle 
necks Fillet welds are used around reinforcing pads and 
to some extent m jouiing detail parts and fittings to the 
vessel proper For butt joints in heavy matenal the 
U-groove, so called because the cross-section of the groove 
is the shape of the letter U, is used, whereas a V-shaped 
groove IS often used on thin secUons The matenal may be 
scarfed or grooved from one side only or from both sides 
When the weldmg is to be done from one side only, a 
backing-up stnp is used to permit full penetraUon When 
both sides of the seams are accessible some weldmg is 
generally done from the reverse side On Code vessels, the 
unfused lip at the bottom of the ongmal groove is removed 
before any weldmg is done on the reverse side, thus assunng 
complete penetration and fusion at all points 

Proper preparaUon faalitates the weldmg opoabon, but 
the mechsmcal properUes of the weld mebi] and also of the 


jomt produced depend upon the equipment used, upon the 
trainmg and skill of the personnel, and, to the greatest 
degree, upon the type of electrode used 

The equipment available for welding has been greatly 
improved durmg the last few years Welding machmes for 
either alternaUng or direct current are available in any size 
required, and first class weldmg is bemg done with either 
A number of weldmg heads for feedmg the electrode are on 
the market and the equipment requued to move either the 
work or the arc is readily obtamed or built 

Some skilled operators and expenenced supervisors may 
be available from tune to Ume, but it is generally necessary 
for the mdividual manufacturer to tram men m the use of 
his parUcular process 

A large vanety of electrodes rangmg from plam bare 
wue to a number of types of heavily coated wire are on the 
market Where rehabihty and high mechanical properUes 
are required of the weld metal, the heavily coated electrodes 
are necessary The increased use of weldmg durmg the last 
ten years is due primarily to the intensive development 
work on electrodes Even with modem equipment and the 
skill of the present day operator, it is not possible to pro- 
duce commercially the quahty of welds required for the 
construction of Code vessels with the types of electrodes in 
general use ten years ago 

So far as serviceabihty is concerned, the quality of the 
weld IS determmed by its mechamcal properUes and itt 
corrosion resistance In Code vessels the metal m the weld 
and at the juncUon of the weld and the plate have strength 
properties at least the equivalent of the plate material used 
This IS of great importance because if either the weld metal 
or the juncUon were weaker than the plate, proper allow- 
ance would have to be made for this inferior strength and 
the full working strength of the plate would not be utilized 
In addiUon to the necessary strength, the weld metal has 
ductihty approximately equal to that of the plate stock 
which insures against local failure if the structure is aca- 
dentally overstressed Ductile welds are not damaged 
by such occasional overstressing, since they are able to 
adjust themselves, but bnttle welds such as may result from 
bare electrodes are susceptible to failure under such cir- 
cumstances 

For the purpose of comparison, average medianical 
properUes obtamed on several specimens of bare wire- 
welds and of welds made with heavily coated electrodes 
are given m Table I These welds were made m 1-m. plates 
of 0 20 carbon steel by skilled operators using modem 
equipment 

Table I 


Bare wire— all weld 

Bare wire— across 
weld 

Covered electrode- 
all weld 

Covered electrode — 
across weld 


* Bend tests were not made 

The tensile test specimens taken across the welds made 
with the covered electrodes failed m the plate material and 
the values given are, therefore, the properties of the plate, 
while for the bare-wire wdd specimens the values give the 
properUes of the weld It will be noted that the yield pomt 
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25 1 

* 

2S.900 

29,300 
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5 2 failure 

47,100 

56,900 
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52,000 
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40 5 no failui 



METALS AND ALLOYS IN REHNERY EQUIPMENT 


2300 

and the ulumate strength of the welds made with the 
covered electrodes are substantially higher than those of 
the plate material The average elongauon of the tensile 
specimens is m the range that may be expected of mild 
steel The bend tests were not earned to failure and the 
average value given does not represent the possible elonga- 
uon Similar specimens have been bent flat on themselves 
without failure The mechamcal properties of the bare- 
wire welds are all low compared to the corresponding 
properties of the plate matenid and the elongaUon values 
are parUcularly low The bend tests for these specimens 
were earned to failure Bare-wire welds m thin materuils 
show relaUvely much higher physical properties than those 
given in Table I In such cases ultimate strengths of 50,000 
to 60,000 lb per sq in and elongauon from 6 to 12% in 
2 in are obtainable under favourable conditions 
With covered electrodes, it is possible to control the 
strength of weld produced, and this strength is mdependent 
of the thickness of the plate welded When strength is the 
pnmaty requirement, the electrodes are generally designed 
to give an ultimate strength about 10% higher than the 
plate The results of the proper design of weld rods are 
illustrated m Figs 7 to 9 Fig 7 shows a series of five 
specimens taken across a weld in a plate 6 in thick The 
cross-secUon was reduced by dnlhng one, three, five, and 
seven holes, 0 2 in in diameter, throuf^ the weld Even 
with five holes, the specimen failed m the plate material 
Fig 8 shows the test results obUmed in specimens of weld 
and of plate m which the specimens were taken parallel to 
the weld Fig 9 demonstrates the ductihty of metal 
deposited by properly coated electrodes 
Resisbuice to corrosion by the weld metal comparable 
to that of the steel is necessary if the welded equipment is 
subjected to corrosive condiuons If the weld corrodes 
more rapidly than the plate material, its thickness and 
hence its strength may eventually become less than that of 
the stock even though the mechamcal properues of the 
weld metal are equal to those of the plate Corrosion tests 
of specimens of 0 20-0 30 carbon steel welded with bare 
wire and with heavily covered electrodes have shown that 
the bare-wire weld corrodes very rapidly compared to the 
plate material, whereas the weld made with correctly 
covered wire corroded less rapidly than the plate material, 
and hence stands out in lehef Fig 10 shows the typical 
appearance of some of these specimens after test Welds 
made with covered electrodes m vessels that have been m 
service for a number of years have consistently shown a 
corrosion resistance equal to or greater than that of the plate 
material Some such welds which were originally ground 
fiu^ now stand out in rehef 
Some explanauon of the difference m physical and 
chemical behaviour of weld metal deposited with bare wire 
and with properly covered electrodes is given by a metal- 
lurgical examinaUon 

Fig 11 u a photograph, natural size, of a cross-secUon 
of weld made with a covered electrode m 1-m plate. This 
section was etched hghtly to bring out the layers of weld 
metal and the zone of refined plate stock adjacent to the 
weld A more mumate view of the weld metal is shown m 
Fig 12 The metal IS seen to be clean and sound, and of a 
fine and umform grain structure 
A better concepbon of the structure of the weld metal 
is obtained from Figs 1 3 and 14, whichshow it atmagnifica- 
tion of 100 X and 1,000 x respectively The former shows 
that the metal IS excepbonally fine grained The small dark 
areas are typical of the low-carbon content of the nwtal. 


This Structure is shown to better advantage in Fig 14, 
which brings out more clearly the individual grams and the 
carbide areas The small round dots m this picture are 
tmy mclusions of sihca which act as a beneficial dispersion 
to keep the gram structure fine, even though portions of 
deposit are heated nearly to the fusion temperature by the 
welding operations 

A pomt of great importance is the manner in which the 
weld deposit fuses to the plate stock An example of such 
a junction is shown in Fig 15 The transition from weld 
to plate stock is seen to be so gradual that the Ime of 
demarcabon is scarcely perceptible at a magmfication of 
100 X 

Some photographs of the structure of bare-wire welds 
are also reproduced to bring out the more important weld 
metal defects which have been overcome by the modem 
methods of welding Fig 16 shows a typical seebon of a 
bare-wire weld in 1-in plate stock This seebon was 
polished and etched lightly to bring out the structure of 
weld metal as deposited by this rod To the naked eye 
(magnifications of 1 X ) this metal looks fairly sound, though 
the macrograph. Fig 17, at a magnification of 9 x shows 
It IS porous It IS seen that a major portion of the deposit 
IS in acoarse condibon, while it will be recalled that the weld 
made with the covered eleebode shown m Fig 13 is fine 
grained Fig 18 shows that certam portions of this weld 
deposit are fine gramed , however, a magnification of 1 ,000 x 
as shown m Fig 19 brings out two serious defects typical 
of bare-wire weld metal The small round grey inclusions 
have been identified as iron oxide, FeO This dispersion 
of iron oxide is similar m appearance to the dispersion of 
silica m the covered electrode weld metal, but the iron oxide 
IS harmful instead of beneficial Weld metal which con- 
tains this iron oxide type of inclusion alone, is hot short 
and It IS abo brittle when cold if contaminated by such 
large amounts as are found in bare-wire welds The dark 
patches in Fig 19 have been identified as a nitnde consti- 
tuent, which occurs when large amounts of nibogen are 
present m the metal It is well known that mbogen lowers 
the ductihty of steel, and the brittleness of bare-wire weld 
metal is undoubtedly due m part to the mtrogen it contains 
This mtrogen may also produce certain harmful ageing 
effects, but when the metal is mibally as brittle as bare-wire 
weld metal, this agemg effect becomes of httle significance 
in a pracbcal way 

The junebon between weld metal and plate stock m the 
bare-wire weld is shovra m Fig 20 The dark band is a 
carbide segregabon The microscopic exammabon shows 
clearly that the bare-wire weld metal contains lar^ 
amounts of the harmful constituents, oxygen and nitrogen 
This is readily accounted for by the lack of proteebon 
afforded the metal as it passes through the air from the 
electrode to the weld At the high temperature at which 
this transfer takes place, the iron readily dissolves both of 
these gases m large amounts Some gas is given off agam 
durmg the sohdificabon of the metal m the deposit, but 
sufficient remains behmd to produce the structures noted 
above [2, 1935], 

After the properbes of weld metal deposited by a defimte 
process have been established as being satisfactory, by a 
sufficient number of tests of welds made m matennk 
sunilar m composibon and thickness to that to be uwd in 
the vessel, it is only necessary to show by inspection 
methods that the welds m the vessel are sound. Hiis is 
generally accomplished by the use of pressure tests, vuual 
inspecbon, and radiograi^ examination. The amount of 
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radiographing required and the standards of soundness for 
welds are fixed by codes such as the jomt A P I -A S M E 
Code This Code also provides for test plates, to be welded 
at the tune the vessel is fabricated, from which the mechani- 
cal properties of the weld can be determined For some 
types of service the Code does not require radiographing, 
but lower joint efficiencies are assumed for such vessels 


After the vessel is fabncated, the next step is stress- 
reheving unless the vessel is made of thin matenal Vessels 
of certain types and wall thickness may be stress-reheved 
or not, but the A P I -A S M E Code puts a premium on 
stress-rehevmg by permittmg higher jomt efficiencies for 
the vessels that are stress-reheved 
The need for stress rehef and the basis for the procedure 
m use is shown by Fig 21 which reproduces unpubhshed 
data obtamed in 1926 It shows the percenUge of the imtial 
stress re mainin g m the steel after heating to vanous 
temperatures for different periods of time The maximum 
imtial stress could not have been above the yield point at 
room temperature because at such stresses relief would 
occur by yielding These tests have been taken to indicate 


that a temperature of between 1,100° F -1,200° F , is suffi- 
aent to reduce the stresses to a negligible amount if the 
vessel IS held at this temperature 1 hr per in of mam-wall 
thickness Other tests made to determine the ability of the 
vessels to maintain their shape have shown that only 
relatively thm or relatively long vessels are hkely to distort 
at the stress-rehevmg temperatures There is no need of 
stress-rehevmg very thm vessels, but 
if stress-relief is desired, it should be 
performed at lower temperatures or 
special means of supportmg the 
vessel should be used 
In the inspection of the finished 
vessels, measurements of roundness 
and straightness are taken The 
Code has fixed reasonable commer- 
cial tolerances on the shape It is 
recognized that lack of straightness 
or roundness may mtroducc stresses 
durmg service of considerable mag- 
nitude especially m thick-walled 
vessels 

The final step of the mspection is 
a proof test Durmg this test, all 
welded seams are hammered while 
the vessel is under a pressure which 
may be two to three times its work- 
ing pressure 

The properties of weld metal 
previously discussed pertained to 
0 20-0 30 carbon steel Equally 
satisfactory results are obtainable 
with many of the low-alloy steels, 
with various grades of stainless steel 
and with some other alloys espeaally 
suitable for corrosion resistance Mechanical properties 
characterisuc of a number of these materials and suitable 
welds are given in Table II 

Although the ductility of high strength ivelds is not as 
great as the ductihty of welds m 0 20-0 30% carbon steel, 
this reduction of ductility usually accompanies an increase 
of strength A similar relation^ip is found for steels of 
various strengths The ductihty of a properly made weld 
IS of the same order as that of the correspondmg plate 
material 

Each of the alloy steels presents its own weldmg prob- 
lem, but with proper care and technique all the steels com- 
mercially available and smtable for pressure-vessel service 
can be satisfactonly welded 



Fio 21 Curves showing relation between length of time heated and the relief of measured strains 
for carbon steel 


Table II 


Showing Typical Properties in Plate and Weld Metal for Various Tests 


Kind of steel 
Carbon steel C Max 0 20% 

CO 20-0 30% 

CO 35-045% 

Manganese steel MnlO-15% 

Nickel steel Nil 0-2 0% 

Ni2 0-3 0% 

Ni3 0-3 8% 

Chrome-vanadium steel Cr 0 80-1 10% 
Chrome steel Cr 16-18% 

Chrome nickel steel Cr 17-20% 

Ni 7 10% 


Yield-point 
lb perse '» 


25.000- 35,000 

30.000- 40,000 

40.000- 55,000 

40.000- 60,000 

40.000- 50,000 

45.000- 60,000 

50.000- 65,000 

55.000- 65,000 

40.000- 55,000 

30.000- 45,000 


Ultimate strength 
lb per sq in 


45.000- 55,000 

55.000- 65,000 

70.000- 85.000 

60.000- 90,000 

60.000- 70,000 

70.000- 80,000 

80.000- 100,000 
85,000-95,000 

85.000- 95,000 

80.000- 95,000 


Elong 

%in 2ln 

40-50 

30-40 

20-30 

25-35 

40-50 

30-40 

25-35 

25-35 

20-40 

45-65 


Weld Properties • 


Yield-point 

40.000- 50,000 

45.000- 55,000 

50.000- 65,000 

50.000- 75,000 

45.000- 55,000 

50.000- 65,000 

65.000- 80,000 

65.000- 80,000 

55.000- 65,000 

35.000- 50,000 


Ultimate strength 

Elong 

lb per sq in 

Xin2in 

50,000-60,000 

35-45 

60,000-70,000 

25-35 

70,000-85,000 1 

20-30 

65,000-95,000 

15-30 

60,000-75,000 1 

25-35 

70,000-85,000 

20-30 

85,000-100,000 

15-25 

85,000-100,000 

15-25 

75,000-90,000 

15-25 

70,000-90,000 

20-45 
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In the weldmg of corrosion-resistant alloy steels the 
resistance to corrosion is more important and often presents 
a more difficult problem than that of obtainmg suitable 
mechaiucal properties However, with a controlled welding 
procedure and, in some cases, suitable heat treatment of 
the finished product, these difficulties have been overcome 
for the wrought alloys most suitable for refineiy service 

Methods of Combating Corrosion 
Corrosion has been a source of great concern to the oil 
industry and particularly to refiners operating high- 
pressure equipment Experiences resulting m economic 
loss, personal injury, and loss of life have proved the 
seriousness of deterioration on such high-pressure equip- 
ment The consideration of ways for controlhng this 
detenoration is the duty, not alone of the refiner, but also 
of the equipment manufacturer The effects of corrosion, 
vanous methods of controlling these effects, and means for 
eliminating corrosion will be discussed 
Corrosion m eqmpment is the source of greatest hazard 
m that It reduces the wall-thickness of vessels and tubes, 
It attacks the surfaces unevenly, and, in general, it is the 
factor whichis most activem rendering equipment unsafe for 
operauon The danger to personnel throu^ leaks, fires, and 
explosions would be greatly reduced if corrosion were absent 
Costs of replacement and mamtenance of equipment are 
appreciably decreased by a proper control of corrosion 
Property damage resulting from corrosion includes destruc- 
tion of surrounding property by explosions and fires as well 
as the destruction of the defective equipment Expenditures 
for inspection are appreciably decreased if adequate cor- 
rosion protective measures are taken 
The cost of refining is increased through the effects of 
corrosion Corrosion reduces the effective thickness of a 
vessel, and in consequence the operating pressure and/or 
temperature must be reduced in order to maintain adequate 
safety There is an optimum pressure and temperature for 
economical operation which is dependent on the charging 
stock and on the product desired A reducUon from these 
optimum operatmg conditions decreases the throughput 
of oil Decreased conversion yield may also result from 
this lowermg of the pressure or temperature Thus, the 
flexibility of the equipment for various operations (the 
adaptability of equipment for use with various types of 
charging stock and for the production of vanous products) 
may be greatly limited if the optunum operating conditions 
cannot be maintamed The everchangmg competitive 
market necessitates this flexibility of operaUon Shutdowns 
for mspecuon, repairs, or replac^ents duruig rush seasons 
are reflected in the burden costs and also entail loss of 
production A lowenng of morale followmg leaks, fires, 
and explosions results in personnel meffiaeiKy. 

The method for compensaUng for corrosion is to reduce 
the allowable workmg pressure and/or temperature each 
tune inspection shows it to be necessaty Even though some 
means of protection against corrosion is used, periodic 
inspection is necessary to determme the effectiveness of this 
protection and to decide upon the safe operatmg conditions 
should any part of the equipment be reduced m thickness 
A number of methods for combatmg coirosion have beoi 
used with vaiymg degrees of success Among these are 
the removal or neutralization of the corrosive mgredients 
m the chargmg stock, the applicaUon of temporary pro- 
tective coatmgs to the inner surfaces of vessels, and the use 
of pennanent corrosion-resistant materials m the construc- 
tion of vessels or liners. 
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The removal of corrosive ingredients by chemical 
reaction is very difficult to apply and prohibitive m cost 
Neutralizing agents applied (Lrectly to the chargmg stock 
have had a limited appheation bemuse of econoimc and 
techmeal objections 

The practice of mstallmg vessels with excess mitial wall 
thickness to compensate for corrosion is often used This 
compensation may be adequate when refimng relatively 
non-corrosive oils or medium-corrosive oils m conjunction 
with temjjorary protection such as ganister linings This 
added wall-thickness is beneficial m conjunction with 
temporary linmgs since corrosion may occur at local areas 
due to failure of the temporary linmgs 

Ganister liners have been extensively used m recent years 
Such Imers arc composed of a mixture of mert aggregates 
with a cement bmder and are applied m thicknesses of 1 m 
or more to the mside of a vessel on a remforemg grid They 
are installed at the refinery and can be renewed from tune 
to time when necessary 

Thm coatmgs of a few thousandths inches m thickness 
usually fail because of porosity and inability to resist 
mechanical abuse This accounts for the fact that paints and 
platings have given less satisfaction than have the thicker 
coatings Relatively thick deposits of sprayed alummium 
have had a fair life where the surfaces were not subject to 
mechanical abuse Such metal-sprayed coatmgs can be 
applied in the refinery whenever replacement is necessary 

An msjiecuon facility for use in all vessels built without 
permanent hners consists of non-corrosive alloy buttons 
as shown in Fig 22, which are fastened to the mner surface 
of the vessel at convenient locations As corrosion pro- 
gresses, the buttons stand out in rehef, thus enabhng the 
mspector, with the aid of templates, straightedge, and scale 
to determme cheaply and accurately the corrosion loss and 
any distortion of the vessel The drilling of holes to deter- 
mme the extent of corrosion produces mspection scars 
which introduce weaknesses m the vessel The use of alloy 
buttons ehmmates the necessity for drilhng such holes m 
vessel walls to determme wall-thickness 

Vessels fabricated entirely of corrosion-resistant alloys 
are generally too expensive for use with high temperatures 
and pressures because of the amount of costly material 
required Where hght weight, or relatively thm sections are 
su^ient, the corrosion-resistant steels may be economi- 
cally permissible 

The majority of oil<racking vessels reqmre considerable 
thickness, and thus make it more economical to use carbon 
steel for load-carrying purposes and a permanent alloy 
stainless-steel liner of appreciable thickness as a protection 
against corrosion A construction which has been m satis- 
factory use for several years employs thm sheets of cor- 
rosion-resistant alloy electrically welded at frequent mter- 
vals to the mtenor of the carbon-steel vessel m such a 
manner as to make the hmng an mtegral part of the vessel 
wall (Fig 23) Such a Imer may be appli^ to any desired 
portion or to the entue mside surface of the vessel The 
high chromium and the high chromium-mckel steeb which 
have been used remam, for all practical purposes, un- 
attacked under service conditions It is preferable to use 
alloy steeb that are not subject to mter-granular corrosion 
smee this may in tune lumt the protection Alloy welds 
used m joming the finer sections are readily made equal m 
physical- and corrosion-resistant properties to the alloy 
sheet Lmere that are welded at close intervab have demon- 
strated their permanen(y of attachment oier a wide range 
of operating conditions 
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THE PRINCIPLES OF METAIXIC CORROSION 
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Practical cases of metallic corrosion are best studied m 
the light of the general principles involved, which have been 
considerably clanlied vnthin recent years In discovering 
causes and attempting prevention of particular cases of 
corrosion, it is no longer necessary to proceed empincally, 
and much time and labour can often be saved by a prelimi- 
nary survey of existing facts and theory The purpose of 
this article is to present a critical summary of the present- 
day knowledge of the mechanism of corrosion and protec- 
tion For reasons of space, httle work prior to 1920 is 
discussed, and much of the more recent work receives 
scanty treatment Fuller information should be sought m 
the books by Evans [23, 1926, 24, 1937] and Speller [67, 
1926] on general corrosion. Hedges [42, 1932] on pro- 
tective films, Palmaer [56, 1929, 1931] on acid corrosion, 
and Glasstone [40, 1930] on electrochemistry, and in the 
bibhography compiled by Vernon [73. 1928], as well as m 
the many original papers cited 
Metallic corrosion may be comprehensively defined so 
as to mclude all processes by which metals pass from the 
elementary to the combined state There are two mam 
classes of such processes, viz attack of metals by (1) gases, 
(2) aqueous media It will be convement to consider these 
separately, though it should be borne m mmd that no hard- 
and-fast distinction can always be made, as for instance 
in the case of so-called atmosphenc corrosion, which is 
treated m a separate section 

Attack of Metals by Gases 
When a freshly prepared metallic surface is exposed to 
air or oxygen, a surface film of oxide at once commences 
to build up, at a speed determined partly by the actual rate 
of chemical reaction of oxygen with the metal and partly 
by the degree of porosity of the oxide-film to oxygm 
Pilling and Bedworth [61. 1923], who studied high-tem- 
perature oxidation, pointed out that if the volume of a 
given amount of oxide is less than that of the metal from 
which It is formed, the film will be discontmuous and 
highly porous, and will scarcely huider further attack, 
wherras if the volume of the oxide exceeds that of the metal 
from which it is formed a dense laterally compressed film 
will be produced which will greatly hinder access of oxygen 
to the metal, and become an important factor limiting the 
rate of attack The raUos oxide volume/metal volume for 
a number of common metals are given m Table I 


Table I 

Ratio Oxide Volume/ Metal Volume 



In support of the theory, PiUmg and Bedworth showed that 
the rates of attack of cidcium and magnesium by oxygen 
are constant with time, mdicatmg that the oxide-film is vety 
porous and that the net rate of attack is determmed solely 
by that of the chemical reaction , but that coppw and 


are attacked at a dimuushmg speed, the amount of attack 
bemg proportional to the square of the tune, a fact sunply 
explained by the ordinary laws of diffusion if it be assumed 
that the rate of diffusion of oxygen through the ever- 
thickemng compact film is the limiting factor The theory 
was further confirmed by Finch and Quarrell [34, 1934], 
who showed cxpenmentally by electron diffraction methods 
that the oxide-film initially formed on zinc is actually in a 
state of lateral compression 

At the ordinary temperature, oxide-films whose volume 
exceeds the corresponding metal volume (e g those on Cu, 
Fe. Cr) build up rapidly for a few seconds or minutes, but 
soon become nearly unpervious to oxygen and cease to 
thicken at sensible speed before the film has reached visible 
thickness Nevertheless, such films can be detected by the 
gravimetric method of Vernon [75, 1926], and by the 
optical method due to Freundlich, Patscheke, and Zocher 
[37, 1927] and developed by Tronstad [71, 1929 , 72, 
1932], which IS based on the principles of the rcfiection of 
polarized hght worked out by Drude [18, 1890] Further- 
more, the films are rendered visible if removed from the 
bnghtly reflecting metallic basis , Evans [25, 1927] achieved 
this m the case of mon by dissolvmg away the underlying 
metal with iodine, while Evans and Stockdale [33, 1929] 
removed films from copper and luckel by anodic treatment 
At somewhat higher temperatures, studied by Evans [22, 
1925], Dunn [19, 1926, 20, 1931], and Wilkins and Rideal 
[82, 1930] thicker films are formed These give rise to 
mterference tmts whose colour depends on the tt»irkp«‘ss 
and refracuve index of the film, the ‘temper-colours’ of 
non and steel are a familiar example of such tmts, which 
may also be readily obtained on copper and mckel At shll 
higher temperatures, serious cracking of the film often leads 
to the formation of comparatively thick oxide scale, and 
other factors besides pure oxygen diffusion may become 
important Pfeil [58, 1929] showed that m the case of iron, 
diffusion of metal upwards through the scale is at least as 
unportant a factor as diffusion of oxygen down, in de- 
termimng the progress of attack Wagner [80, 1933] put 
forward evidence that such oxygen and metal movement is 
really ionic migration m a galvanic cell The outside of the 
oxide-film is an rnert basis for the cathodic ionization of 
oxygen, the metal surface is the anode, while the oxide- 
film, which conducu electricity both electromcally and 
lomcally, provides both ‘metallic’ connexion and electro- 
lyte for the cell This theory gives equations for the rate of 
film-growth of the same form as the Pilhng and Bedworth 
equabons, but the electncal specific resistance of the film 
appears as an important factor. 

The attack of metals by halogens depends on wmitiir 
considerations. The Filhng and Bedworth principle was 
extended to these cases by Fischbeck [35, 1933], who 
pomted out that sodium can be kept almost nnehany ji m 
bromine for a year, the ratio bromide volume/metal volume 
bemg 1 36. Again, tmplate scrap is detuned commerciaily 
by dry dilorme, at the temperature used, the hquid 
chlonde imposes no hmdrance to the attack of the tin, but 
wlwn this has been removed, a nearly non-porous solid film 
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of feme chlonde fonns on the iron and prevents more than 
superficial attack 

Many kinds of attack are met with due to mixtures of 
gases, particularly when moist Discussion of some of the 
more unportant cases will be found under the heading 
‘Atmospheric Corrosion’ 

Attack of Metals by Aqueous Media 
1. Breakdown of the Oxide*film. 

Smee a metal surface which has been exposed to air is 
covered with a thin film of oxide, the first effects of im- 
mersion of the metal m an aqueous solution concern the 
oxide-film This film is practically impermeable to oxygen 
molecules, and if a chance crack or hole appears m it and 
allows the passage of oxygen, the further oxide formed heals 
the pore and prevents further attack But the film is usually 
easily penetrated by ions, and if these can react with the 
metal below to produce a soluble salt, undermming of the 
film may occur and further metal be exposed to attack 
Such a condition occurs when, for example, iron is exposed 
to sodium chlonde solution Wherever there is a pore m 
the film, a mmute cell of the type 

Cathode i 'Anode 

Oxide-film NaCl | Iron 
I solution , 

IS set up (Fig 1), the oxide-film is a moderately good con- 
ductor and acts as cathode to the metallic anode Iron 
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therefore dissolves as ferrous chlonde at the base of the 
pore, which results m undermming and further breakdown 
of the film The ferrous ions diffuse and migrate outwards 
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and meet the hydroxyl ions which have been formed 
cathodically at the oxide-film surface, ferrous hydroxide 
IS precipitated outside the pore, and is oxidized to rust by 
any diswlved oxygen which is present corrosion has com- 
menced (Fig 2) But if sodium phosphate is the solution 
used, the initial anodic product is spanngly soluble ferrous 
phosphate, which being precipitated withm the pore tends 
to repair the film and stifle further attack 
The state of breakdown or repair of the oxide-film of a 
metal immersed in an aqueous medium can be detemuned 
very simply by the electrochemical method due to May [52, 
1928] and extended by Evans [27. 1929], Bannister and 
Evans [3, 1930], and Hoar and Evans [46, 1932] Smee 
the oxidc-hlm is always more ‘noble’ than the basis metal 
in any solution, metal specimens covered with a nearly 
complete film show more noble electrode potentials than 
those where the film has broken down Thus, if the poten- 
tial of a specimen against a standard half-cell be measured 
by means of a potenuometer or an electrometer over a 
period of time from the mitial immersion m the medium, a 
falling potential indicates that the film is breaking down, 
while a nsing potenUal shows that repair is occurrmg It is 
found that chloride and sulphate ions are particularly acUve 
m promotmg the breakdown of most oxide-films, whereas 
phosphate, hydroxyl, and chromate ions, which usually 
form msoluble compounds with meuls, normally give rise 
to film-repair by plugging the pores Naturally, however, 
sulphate ions tend to repair the film on lead owing to the 
insolubility of lead sulphate, while hydroxyl ions if present 
m quantity will completely remove the films on aluminium 
and zme, with formation of soluble aluminate and zincate 
Solutions containmg large amounts of hydrogen ions — 
1 e acid solutions — very often dissolve the basic oxide-film 
directly, in some cases, e g the femc-oxide film on uon, 
the film IS probably first reduced by nascent hydrogen to a 
lower oxide that is more readily soluble m acids 
Evidence for the mechanism of film-repair has been 
obtamed by direct chemical methods Banmster [2, 1928] 
removed oxide-films from alummium which had been 
treated with sodium phosphate, and found that they 
contamed a small percentage of aluminium phosphate 
Sunilarly Hoar and Evans [45, 1932] found 0 1-1 0 % 
tervalent chromium m films stripped from iron treated with 
potassium chromate The percentage of chromic oxide was 
greater m films from uon specimens which had had only 
a short exposure to air before unmersion m chromate than 
m those from speamens pre-exposed to air for 24 hours, 
also, addition of chlonde ions to the chromate solution 
produced films contaming more chromic oxide In fact, 
the more repair needed by the film, the more chromic oxide 
was It found to contam, ^ough the amount never exceeded 
1 0% of the total weight of the film Dus mdicates that the 
nearly contmuous air-formed femc-oxide film is repaired 
by plugs of chromic oxide in its pores 
It IS obvious that if a given set of conditions produce 
film-repair, no corrosion can take place the metal is said 
to be ‘passive’. Nevertheless, it must be emphasized that 
film breakdown as deduced from potential measurements 
mdicates only the liability of the metal to corrode, and 
gives httle or no clue to the distribution or the velocity 
of corrosion Factors govemmg these will now be con- 
sidered. 

2. Distribution of Corrosion. 

The mitial distribution of corrosion on a metal surface 
will depend on to what extoit the oxide-film breaks down. 
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Three fairly well-distinguished cases anse— (a) complete 
dissolution of film general attack, (b) partial lemoi^ of 
film attack on large, well-defined areas, (e) penetration of 
film attack at isolated pomts 

(а) Complete Dissolution of Film: Genend Attack. Com- 
plete film dissolution usually occurs in strong non-oxidizing 
aads, and also m strong alkalis if the oxide is amphotenc, 
e g alumimum, zmc, and stanmc oxides Attack proceeds 
more or less umformly over the entire metal surface, 
although a certain amount of pitting is not infrequent, 
especially at a ‘water-hne’ Hydrogen is usually evolved, and 
this kmd of corrosion is known as the Hydrogen Evolution 
Type The hydrogen probably comes from special points 
sporadically distributed over the metal surface, as discussed 
later, but does not interfere to any extent with the general 
dissolution of the metal 

(б) Partial Removal of Film: Attack at Large Well- 
defined Areas. When iron or zinc is immersed in an alkah- 
metal chlondenr sulphate solution open to the air, corrosion 
is mainly of the Oxygen Absorption Type, little hydro- 
gen being evolved Attack commences at the most porous 
parts, or ‘susceptible pomts’, of the oxide-film These are 
found at stress^ or jagged parts of the metal, m the case 
of cut strips, the edges constitute especially susceptible 
pomts Even m carefully machmed or polished spea- 
mens with no cut edges there will still be some pores 
m the film which are larger than others, and attack begins 
there Now although the oxygen dissolved in the salt 
solution will have some tendency to repair pores m the 
film. It IS not alone a sufficient agent except m special 
cases But when the metal dissolves anodically at the base 
of an especially large pore, the equivalent of alkah is 
formed outside by the cathodic dissolution of oxygen at the 
oxide-film electrode, according to the net reaction (which 
doubtless takes place m several stages) 

0,-1- 2H, 0-1- 4€->40H- 

This alkah, spreading over the neighbounng surface, tends 
to heal up any smaller pores by precipitating as hydrated 
oxide any metalhc ions which have been produced there 
Thus, the largest pores alone suffer continued attack, for 
here the ferrous ions are produced too rapidly to allow their 
preapitation as an adherent, non-porous corrosion product 
m contact with the metal The film around them becomes 
imdemuned, and flakes off but the contmued production 
of cathodic alkali protects a greater or smaller part of the 
film, somebmes mdefimtely, and this part of the metal 
remams unattacked 

Aston [1, 1916] pointed out that those parts of a metal 
corroding m an aerated salt solution which have become 
covered with loose corrosion products will be partially 
screened from access of dissolved oxygen, and will there- 
fore tend to be less noble than the parts where oxygen 
has free access This effect, called by Evans [21, 1923} 
‘Difierential Aeration’, leads to the formation of a cell of 
the type 

Cathode I I Anode 

Aerated Salt Non-aerated 
metal { solution | metal 

Evans demonstrated the current flowmg in sudi a cell by 
using separate pieces of metal, one aerated, the other not, 
electncally connected through a galvanometer, the current 
was quanbUUvely correlated with the amoimt of anodic 
dissolutum of the non-aerated electrode by Evans. Ban- 
nister and Bntton [28, 1931], and Evans and Hoar [30, 


1932] On a smgle corrodmg speamen, anodic attack 
proems underneath the screenmg corrosion products, the 
reacuon bemg in essence 

Me-*Me+-fe, 

while at the aerated cathodic parts the net reaction is 
0,4-2H,0-|-4«-i-40H- 

The production of alkah at the cathodic parts mamtams 
the oxide-film (which is the true ‘mert’ basis of the oxygen- 
electrode type cathode) m good repau, and the metal is 
unattacked Hydroxyl ions migrate towards the anode, 
and meeting metalhc ions near there, preapitate them as 
hydroxide or hydrated oxide corrosion product (Fig 3) 
Thus the corrosion process itself produces alkah in the 
cathodic, unattacked zones, which mamtams these parts 



unattacked, and it also produces corrosion products of a 
non-protective, but oxygen-screenmg, type upon the anodic 
zones, hence maintaining these anodic This explams why 
a distnbution of corrosion once set up by considerations of 
the imtial breakdown of the film tends to persist for a more 
or less mdefimte time, unless m fact so much corrosion 
product accumulates that it begins to ‘blanket’ the entire 
metal At this stage the particular conditions as to the 
relaUve ease of supply of oxygen to the various parts of the 
metal surface must determine where the cathodic reaction 
takes place and where the anodic attack proceeds 

It should be noticed that the Differential Aeration prm- 
ciple explams why, m corrosion of the Oxygen Absorption 
Type, those parts of the metal where oxygen has most access 
often suffer the least attack, a phenomenon of frequent 
occurrence m practice 

Bengough [4, 1933] cribcized the Differential Aeration 
mechanism on several grounds He mamtamed that cor- 
rosion products, since they are penetrated by ions, must be 
penetrated as easily by oxygen this argunient is not vahd, 
for charged anions migrate through the thick solid-hqmd 
suspension or ‘ mud ’ of corrosion products under a potential 
gradient, whereas uncharged oxygen molecules can only 
diffuse under a concentratun gradioit {furthermore, 
Evans and Mears [32, 1934] showed conclusively, by direct 
expenment, that the diffusion of oxygen through a stag- 
nant salt solution is greatly hmdered by the presence 
of a mud of a number of different metallic corrosion 
products 

(c) Penetration of Film: Attack at iMriated Ptdnts. The 
attack at large areas which occurs on iron and zinc in 
aerated chloride and sulphate solutions does not occur 
with metals whidi have more robust air-fonned oxide- 
films, such as nickel, tm, and alumimum. Althou^ the 
onde-film is penetrated by the amon, attack is so slow tibat 
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little undennuung occurs, and the attack is confined to 
comparatively few small pomts, usually localized at cut 
edges, &c., where the film is weakest Similar attack is 
found on iron and zinc when the chlonde solution contains 
also a small amount of a film-repainng anion such as 
chromate, hydroxyl, phosphate or silicate, here the iniOal 
anodic product at the base of the pore may be a spar- 
ingly soluble body Evans and Hoar [31, 1934] discussed 
the question of whether hydroxyl or salt-forming ions take 
part m the aniomc discharge from solutions containing 
both, they concluded that, as well as high pU, the tendency 
of the metal salt to hydrolyse is a factor favouring preferen- 
tial hydroxyl ion discharge, which may of course lead 
to film-repair and localized attack Such metals as tm, 
antimony and bismuth give salts very prone to hydrolysis, 
and usually suffer highly localized attack 
When conditions are favourable to localized attack, this 
IS often particularly prevalent at a ‘water-line’ such as 
exists on metal partially immersed in a corroding medium 
According to Evans [23, 1926], there is here a tendency for 
precipitated corrosion product, which would elsewhere be 
formed so close to the metal as to repair the film, to cling 
instead to the liquid-air interface So far from being 
protective, this corrosion product may form a tmy canopy 
as shown in Fig 4. so setUng up differential aeration 
attack by screening the point of initial break-down from 
air Of course, when conditions produce the faster, less 
locahzed attack dealt with m section {b), this inherent weak- 
ness of the water-Ime is more than compensated by the 
rapid production of cathodic alkali there, where oxygen is 
in greatest supply, the water-line then remains immune 
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3. Velocity of Coiroaon. 

It will be convenient first to discuss the velocity of cor- 
rosion m relation to the three kinds of distnbution just 
described 

(a) General Attack. The most common case of general 
attack IS the dissolution of electronegative metals in acids 
with the evolution of hydrogen Broadly speaking, the rate 
of dissolution IS found to increase with mcreasmgly electro- 
negative properties in the metal, increasing hydnon con- 
centration of the acid, rise of temperature, presence of 
impurities in the metal, and of oxygen or other oxidizing 
agent in the acid 

It IS generally considered that the hydrogen is evolved 
from specific points on the metal surface which act as 
cathodes towards the rest of the surface they may be 
heterogeneous impurities in the metal, a case studied m 
detail by Palmaer [56, 1929], or they may be merely 
special parts of the metal itself, such as grain-boundaries 
or corners, as suggested by Pictsch and Josephy [60, 1931] 
and Pictsch, Grosse-Eggebrecht, and Roman [59, 1931] 
Current flows between the cathodic points and the rest of 
the (anodic) metal, with evolution of hydrogen at the 
cathodes according to the reaction 
2H' 1 2€ -- H„ 

and with the equivalent dissolution of the metal where it is 
anodic. 

Me -- MeNf 

The corrosion velocity is equivalent to the current flowing, 
and IS thus determined by the electrical characteristics of 
the numerous small local cells of the type 

Cathode , Anode 

Hs H+, Me-i ; Metal 

The unpolarized p d , on open circuit, of this cell, m a 
solution normal m both hydnon and the metallic ion, 
would theoretically be equal to the standard electrode 
potential of the metal on the normal hydrogen scale 
Table 11 shows some of the more common standard 

Table H 

Standard Electrode Potentials 
yolts Volts 

Na.Na+ -2 715 Ni, Ni++ -0 231 

Mg.Mg++ -155 , Sn,Sn++ -0136 

Al, AI+++ -133 ' Pb, Pb++ -0122 

Mn, Mn++-ll H„H*- i.0 

Zn, Zn++ -0 762 Bi, Bi++ +0 226 

Cr, Cr+ ' -0 557 | Cu, Cu++ H 0 344 

Fc,Fc++ 0 441 0„OH- +0 398 

Cd, Cd+^ 0 401 Ag. Ag+ +0 798 

Co, Co++ -0 29 Au, Au+++ + 1 36 

potentials, taken mamly from International Critical Tables, 
vol VI, pp 332, 333 But m the case of a corroding metal, 
the corrosion-current produces polanzation of both elec- 
trodes, that of the cathode no doubt followmg the laws 
of hydrogen discharge worked out by Tafel [70, 1905], 
Bowden [13, 1930], and Gurney [41, 1931] Fig So shows 
schemaUc cathodic and anodic polarization curves, C and 
A The acting emf, when the corrosion-current v 
IS flowmg, is probably very small, because the internal 
resistance E^k of the many local couples m parallel must 
be small llie compromise potential of the corroding 
metal, as measured against an mdependent standard half- 
cell, vnll he between the dose limits Ee and Ea, and will 
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therefore be almost equal to the acting cathodic and anodic 
potentials 

Now consider a more electronegative metal This will 
give nse to a lower anodic polarization curve A\ Fig S a 
If all other thmgs are equal, the corroding potential will 
be more negauve, and the e m f and current will have 
larger values Ei and ii The increase in corrosion velocity 
with increase m the electronegative properties of the metal 
is thus readily explained It may be noted that presence of 
ions which remove the metal ions as stable complexes 
renders the metal clfecUvely more electronegative, and thus 
increases its corrosion rate, as discussed by Riley [63, 
1934] for copper and by Hoar [44, 1934] for tin 

It will also be clear that any factor which raises the 
cathodic polarization curve will also increase the corrosion 


IS because the effect of hydroxyl ion m removing bydrion 
and thus lowering the cathodic potential is outweigh by 
its effect in removing the metal ions as zincate and alumi- 
nate, thus lowering the anodic potential 

The increase of the velocity of acid attack often found 
when air or other oxidizing agents are present is due to 
the alternative cathodic reaction provided, for hydrogen 
need not be discharged as gas, but can be depolarized 
to form water This process may often take place, at the 
corrodmg potential, at least as fast as the hydrogen evo- 
lution reacuon indeed, where the latter is slow, as on 
a metal with high hydrogen overpotential such as tin, 
presence of air may mcrease the rate of acid attack many 
times 

For a review of the mechanism and velocity of general 





(a) (*) (c) 

Fig 5 


current and hence the corrosion velocity The hydrogen 
electrode becomes more noble with increase of hydnon 
concentration, leadmg to a cathodic curve C', Fig S b, and 
a higher current ij, which explains the increase of corro- 
sion velocity with increasing hydnon concentration Again, 
vanous cathodes have very different capacities for catalys- 
ing hydrogen discharge, a more active cathode will give 
a curve C", Fig 5 c, which again leads to a higher current 
/g and increased corrosion velocity The ease of discharge 
of hydrogen from a metal when made cathode by an applied 
current is doubtless a measure of the effecUveness of its 
special cathodic points, and thus metals giving the lowest 
hydrogen overpotentmls under such conditions are found, 
ceteris paribus, to corrode the most rapidly m acids Any 
heterogeneous impurities m the metal which are effective 
cathodes increase corrosion velocity in this way The effect 
of temperature also is to increase the ease of hydrogen dis- 
charge (i e to lower the overpotential) and results m a 
similar ^fling of curve C to C, with consequent increase 
in corrosion velocity Conversely, factors which raise 
overpotential, e g the organic inhibitors discussed later, 
dimmish the corrosion velocity 
Certain metals with amphoteric properties, e g zme and 
alunrunium, suffer general attack in alkaline media The 
corrosion velocity increases with incieasmg alkalinity this 


attack from a slightly different standpoint, reference should 
be made to the work of Straumanis [68, 1933] 

(6) Attack at Large Well-defined Areas This type of 
attack IS usually associated with oxygen absorption, and is 
generally much slower than attack where hydrogen evolu- 
tion is the mam cathodic process It is particularly often 
met with m the corrosion of fairly reactive metals such as 
iron and zinc m more or less neutral, unbuffered salt 
solutions 

The corrosion velocity of iron and zinc m aerated chlonde 
and sulphate solutions at first increases somewhat with 
increasing salt concentration, but passes through a maxi- 
mum and eventually decreases, as shown by Friend and 
Barnet [38, 1915] and Bengou^, Lee, and Wormwell [6, 
1931] The rate is also increased by higher temperature, 
and by higher partial pressures of oxygen m contact with 
the corrodmg medium It is on the whole greater for the 
more electronegaUve zme, but is not greatly affected by the 
presence of impurities 

We have seen m the section on Distnbution that this 
kind of corrosion can be qualitatively explained m terms 
of the current flowing between the attacked and un- 
attacked areas The corrosion velocity is equivalent to the 
current, and therefore depends on the electrical charac- 
teristics of the corrosion cell 
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The unpolanzed p d on open circuit of a cell whose net 
cathodic reaction is 

0,+2H,0+4€ 40H-, 

and whose anodic reaction is of the type 
Me -> Me++«. 

will be, theoretically, the difference between the electrode 


takes place, not on them, but on the oxide-film covering the 
unattacked areas 

The case of iron and steel strips partially immersed in 
salt solutions has proved especially amenable to quantita- 
tive study, owing to the simple distnbution of corrosion, 
shown in Fig 7, obtained on cut strip free from rolling 
flaws Evans, Bannister, and Britton [28, 1931] measured 
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potentials of oxygen and the metal in the corroding solu- 
tion Referring to Table II, it will be seen that the p d on 
open circuit of a cell consisting of, say, iron in normal 
ferrous chloride solution and a true oxygen electrode in 
normal alkali is theoretically about 0 84 volt But, apart 
from the eflect produced on this value by the (unknown) 
concentrations of ferrous and hydroxyl ions, the current 
flowing in the case of a corroding iron specimen produces 
polarization of both electrodes, especially the oxygen elec- 
trode Fig 6 a shows schematic cathodic and anodic curves 
C and A The e m f of the corrosion cell falls to the fairly 
small value « 0 1 5 volt) which is necessary to force the 
corrosion current /(, through the often appreciable internal 
resistance of the cell, £i//o, seen to be equal to tan ^ 
Clearly, then, increase of concentration of the salt solu- 
tion diminishes the cell resistance, giving rise to a smallei 
e m f Ej, and a larger current i^, which accounts for the in- 
creased corrosion velocity observed But great increase ol 
the salt concentration involves a concomitant decrease in the 
solubility of oxygen in the solution, which shifts the cathodic 
curve to C', Fig 6 b, thus explaining the dimimshed corro- 
sion velocity in strong solutions Increasing temperature has 
two effects it assists the cathodic process by speeding it 
up, but dimnushes the solubility of oxygen, thus although 
moderate increase of temperature speeds up corrosion, at 
high temperatures the corrosion velocity of zinc diminishes 
As discussed in the section on General Attack, increasmg 
electronegative behaviour of the metal lowers the anodic 
polanzation curve to A', Fig 6 e, thereby increasmg the 
corrosion current to I3 and hence the velocity Impurities 
have here httle effect on corrosion velocity, because the 
cathodic reaction 

0,-|-2H,0-b4e -> 40H- 


the electrode potentials of the attacked and unattacked 
zones, and found the attacked zone to be always anodic 
The c m f of the corrosion cell was about 5 mv m 0 1 N 
potassium chloride solution, increasing to over KX) mv 
m the most dilute solutions Evans and Hoar [30, 1932] 



Fig 7 


extended the measurements, and also, by using divided 
specimens cut along the line dividing the attacked and un- 
attacked areas, directly measured the current flowmg They 
were finally able to calculate the corrosion velocity of 
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ordinary uncut iron specimens from electncal measure- 
ments alone, and the results were in excellent agreement 
with the values observed by the loss of weight of the 
specunens over a considerable concentration range The 
electrochemical mechanism of this type of corrosion may 
therefore be regarded as quantitatively established, and the 
velocity of corrosion is seen to be controlled by the speed 
at which the cathodic and anodic electrode reactions can 
take place at the potentials to which the two electrodes 
mutually polarize one another Hoar [43, 1933] showed 
that the cathodic reaction 

0,-|-2H,0+4« — 40H- 

is an especially sluggish, easily polanzed process even on a 
platiniz^ platinum electrode, it is still more sluggish on 
the oxide-hlm cathode of a corroding metal It is con- 
sequently often the mam factor limiting the corrosion 
veloaty, which is then said to be under cathodic control 

It should be pomted out that in the senes of papers 
by Bengough, Stuart, and Lee [8. 1927 , 9, 1928, 10, 
1930], Bengough, Lee, and Wormwell [5, 1931 , 6, 1931], 
and Bengough and Wormwell [12, 1933], who made many 
very accurate determinations of corrosion velocity for zme 
and iron, the current flowing between the attacked and 
unattacked areas is regarded as being of secondary im- 
portance, the depolanzation by oxygen being supposed to 
take place at the attacked areas This conclusion of these 
authors is not supported by any electrochemical measure- 
ments, until and unless these are forthcoming it seems 
best to maintain the theory outlined above, especially as 
it has been quantitatively verified in certain particular 
cases 

(c) Attack at Isolated Points This kind of corrosion 
occurs when the conditions are such as tend towards film- 
rQiair, but do not give complete protection Since the 
anodic parts of the metal, i e the points of attack, are small, 
the corrosion velocity may often be controlled by the rate 
at which the anodic process can take place this may be 
greatly hmdered by the partially protective effect exerted 
by compact corrosion-products 

An important new factor of a different kind arises in cases 
of isolated attack Evans and Mears [32, 1934] pomted 
out that the corrosion velocity of any given point, once it 
has commenced to corrode, bears no relation to the proba- 
bility that corrosion commences They placed drops of 
0001 N potassium chloride on iron under a senes of 
oxygen-mtrogen mixtures, and found that, m oxygen-nch 
mixtures, corrosion commenced m but few drops and then 
proceeded rapidly, whereas, m lutrogen-nch mixtures, 
corrosion commenced in nearly every drop and proceeded 
with small velocity The expected velocity of corrosion is 
the product of the actual velocity and the probability that 
corrosion occurs at all 

Localized attack seldom gives rise to a total amount of 
meullic loss comparable with that found m cases of more 
general attack, but corrosion confined to a few pomts may 
there be exceedmgly intense, produemg pitung and per- 
foration of the metal thus localized attack is often more 
senous in practice than a more uniform corrosion Smee 
the addition of fllm-repairmg agents, such as chromate and 
hydroxyl ions, is often resorted to m practice as a method 
of minimizing corrosion, it is unportant to emphasize that 
insufBcient inlubitor will give only partial film-repair, and 
may actually make matters worse by producing mtense 
localized attack 

id) Accelentors and Inhibitors of Conotioii. It will now 


be convenient to assemble together the mam types of 
accelerators and inhibitors of corrosion 

Accelerators act by assistmg either the cathodic or anodic 
process or both Cathodic accelerators are of two kmds 
The first kind includes substances which can give nse to 
new cathodic points on the metal surface Thus traces of 
ions of more noble metals havmg low hydrogen over- 
potentials, e g platinum, may greatly accelerate the corro- 
sion of baser metals with high overpotentials, e g zinc, 
as shown by Ccntnerszwer and Straumanis [16, 1925], for 
the noble metal ‘plates out* on the base and provides it 
with catalytically active spots for hydrogen discharge 
The second kind of cathodic accelerator includes all oxi- 
dizing agents which can depolarize nascent hydrogen at 
cathodic points, or take part in any equivalent cathodic 
reaction, typical instances being oxygen, hydrogen per- 
oxide, feme salts, and permanganates Chromates in small 
concentrauons may act similarly, but the effect is easily 
masked by their powerful inhibiting action {vide infra) 
due to film-repair 

Anodic accelerators may be similarly classified The first 
group consists of substances which provide new anodic 
points, 1 e which break down the oxide-film Chlorides 
and sulphates are the most generally active bodies in this 
respect, and, of course, acids which directly dissolve the 
film exposing anodic metal The second group consists of 
substances which depolarize the anodic reaction, usually 
by removing the metallic ions as complexes, the more 
stable the complex, the greater the depolarization and 
the accelerating effect Cyanides, oxalates, tartrates, and 
citrates often act in this way A third kind of anodic 
acceleration is operative in the well-known effect of traces 
of hydrogen sulphide on the acid attack of iron, discussed 
by Hoar and Havenhand [47, 1 936] Here the metal anodic 
reaction is a peculiarly sluggish one, showing (as is also the 
case with nickel and cobalt) a very much higher ‘metal 
ovcrpotential’ than most metals, hydrogen sulphide, which 
is doubtless specifically adsorbed, catalyses the anodic 
reaction 

Inhibitors also may be either cathodic or anodic in their 
action, as discussed by Warner [81, 1929] Cathodic 
inhibitors act by destroying the catalytic activity of 
cathodic pomts, probably by becommg selectively ad- 
sorbed there Friend and Vallance [39, 1922] and more 
recently Schunkert [66, 1933] found that many colloids 
inhibited the acid corrosion of iron and zme, presumably 
by becoming adsorbed Protems and many qumolme and 
acndine derivatives are often good inhibitors, and it is 
significant that these are large molecules which can exist 
as positively charged ions or colloid particles Such bodies 
will migrate to the negative cathodic points on the corrod- 
ing meul, and if they become adsorbed, will ‘blanket’ the 
cathodes and impair their efficiency for the discharge of 
hydrogen, it is the initial reaction 
H++«-^H. 

rather than the secondary 

H-f-H^H,, 

which IS inhibited, as shown by the work of Moms [55, 
1935] on the diffusion of hydrogen through steel Evidence 
for this effect was provided by Chappell, Roetheli, and 
McCarthy [17, 1928], who correlated the acid corrosion 
of iron in the presence of quinoline ethiodide with the 
rise m hydrogen overpotential produced by the uihibitor. 
Furthermore, adsorption of the inhibitor was directly 
demonstrated for phenylacnduie on iron by Rhodes and 
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Kuhn [62, 1929], and for gelatin on steel by Moms [S4, 
1931] Moms also showed that the adsorption, and 
efSaency of gelatin as an inhibitor, decreases greatly when 
the acidity is varied from pH 25 to pH S 0, this is to be 
expected, since the positive charge on gelatin particles 
decreases with decreasing hydrion concentration, becoming 
zero at pH 4 7, the isoelectnc pomt for gelatm Generally, 
cathodic inhibitors are efficient only in fairly acid solutions 
They have found extensive practical apphcation in the acid 
‘pickhng* of scaleK;overed metals 

Anodic inhibitors act by removing anodic points, i e by 
repainng or renewmg the protective film As previously 
discussed,alkah hydroxides, phosphates, silicates, and chro- 
mates act on most metals m this way, carbonates have 
a sunilar but less pronounced effect Iron, and probably 
other metals which dissolve to oxidizable ions (e g ferrous), 
are especially well inhibited by chromate for chromate is 
an oxidizing agent, and moreover its reduction product, 
hydrated chromic oxide, seems to have specific value m 
healing the pores m the film Strongly oxidizing acids, such 
as mtnc and chromic, are often effective inhibitors if present 
m sufficient quantity, for they form oxide to repair or renew 
the film, thus iron becomes passive m very concentrated 
nitric acid Oxygen itself has a small anodic inhibiting 
effect, the diminished number of points of attack when 
excess oxygen was present in the previously cited experi- 
ments of Evans and Mears [32, 1934] may be mstanced 
Furthermore, Bryan and Morns [IS, 1932] found that the 
attack of stainless steel by citric acid is much less m the 
presence than in the absence of air Schikorr [64, 1928, 
65, 1933] emphasized the necessity of legardmg oxygen 
either as an mhibitor or an accelerator according to 
circumstances 

Small amounts of ions of a metal 'nobler’ than that 
undergoing attack, such as arsenic or antimony ions in the 
aad attack of iron, may sometimes plate out as a coherent 
film which inhibits both cathodic and anodic reacUons 
However, the inhibiting influence of tin ions on the acid 
attack of steel was shown by Hoar and Havenhand [47, 
1936] to be due to the removal of traces of accelerating 
hydrogen sulphide, this is thus an mdirect anodic inhibi- 
tion 

Atmospheric Corrosion 

The atmosphere ordmarily contains small amounts of 
moisture and acid gases, which have a profound effect on 
the course of metallic oxidation The acuon of dry oxygen 
m produang oxide-films has already been described One 
of the chief effects of moisture and gases such as sulphur 
dioxide IS to give rise to different kmds of corrosion- 
product, which may be either protective or the reverse In 
fiwt, the properties of the corrosion product are often the 
mam factor m deterimnmg the course of attack, as shown 
m the extensive work of Vernon [74, 1924 , 76, 1927, 
77, 1931 ; 78, 1932 , 79, 1932], and Hudson [48, 1929 , 49, 
1930; SO, 1934] Vernon found that the rate of attack 
of copper by an unsaturated atmosphere containing traces 
of sulphur compounds fell off as the partly protective 
film thickened, whereas zinc under sumlar conditions 
showed an undimmished rate of attack durmg the thicken- 
mg of the clearly unprotective film Iron, in atmospheres 
sometimes reacbmg saturation, corroded more rapidly 
when It had become blanketed with rust, very probab^ 
because the rust retamed moisture 

Vernon [77, 1931} studied the attack of copper in 
’utificial’ atmospheres contaimng regulated amounts of 
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moisture and sulphur dioxide He found that both must 
be present to produce any sensible attack, which vanes 
greatly with the amounts present The rate of attack first 
increases with increasmg sulphur dioxide and then sinks 
to a minimum at 1 % of that gas, here the corrosion pro- 
duct IS normal copper sulphate, which appears to be more 
protective than the basic salts formed at lower and higher 
concentrations of sulphur dioxide Moisture up to 50% 
relauve humidity gives only slow attack even with large 
amounts of sulphur dioxide, but at 7S% and more the 
attack is very rapid This illustrates the ‘Principle of 
Critical Humidity’ developed by Vernon [77, 1931 , 78, 
1932] and by Patterson and Hebbs [57, 1931] The critical 
hurmdity above which corrosion becomes rapid is probably 
that at which the corrosion-product can readily take up 
moisture from the atmosphere, since many products are 
markedly hygroscopic, it may be well below 100% relative 
humidity. 

Resistant Materials 

The so-called ‘noble’ metals, such as platinum and gold, 
are resistant to corrosion on account of their very positive 
electrode potentials— they are thermodynamically the most 
stable of the metals towards oxidation Less noble metals 
such as silver and copper are still electropositive to hydro- 
gen, and therefore do not dissolve in non-oxidizmg acids 
provided air and complex-forming substances are absent In 
similar circumstances, tin and lead are almost as resistant, 
because although they arc slightly electronegative to hydro- 
gen, they show very high hydrogen overpotentials and 
catalyse the discharge of hydrogen very weakly 

But the comparatively ’reactive’ (thermodynamically) 
metals chromium, nickel, cobalt, and alummium, and many 
of their alloys, are found in practice to be very resistant to 
many types of corrosion, a resistance due not to the nobility 
of the metal but to the strength of the oxide-film The 
excellent resistance, even to aerated chlonde solutions, of 
chromium, chromium-nickel alloys, and the chrome-mckel 
‘stainless’ steels, shows that the film requires no more 
than dissolved oxygen to repair it even in the presence 
of chlorides Aluminium is somewhat less resistant, for 
chlorides give localized attack, but its alloys the alummium 
brasses and bronzes withstand chloride attack very well 

It should be noted, however, that this type of resistant 
material often fails in the absence of air, as m the work of 
Bryan and Morris [1 5, 1932] on stainless steel in citric acid , 
the film is not re^T-repairmg, but air-repaued. That oxygen 
alone is able to keep the film m good repair shows that it 
IS of a specially impervious nature This was confirmed by 
Forrest, Roetheli, and Brown [36, 1930], who showed that 
the imtial rate of oxygen uptake, from distilled water con- 
tauung dissolved oxygen, was the same for film-free stam- 
less and film-free mild steel, but that it fell to practically 
zero after a very short period for the stainless steel clearly 
the oxide-film becomes sensibly impervious when still 
much thinner than that on mild steel There is httle doubt 
that this IS due to the chromic oxide content of the film. 
It will be remembered that the Pilling and Bedworth [61, 
1923] ratio, oxide volume/metal volume, is as high as 3 92 
for chromium 

Detailed information on the stainless steels will be found 
in Monypenny’s [53, 1931] book 

Protection from Corrosion 

The action of inhibitors in the corrodmg medium m 
arresting corrosion, and the nature of resistant materials. 
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have already been discussed It remains to consider the 
several kinds of protective coating in common use on 
metals, viz (1) oil and grease films, (2) non-metallic chemi- 
cally applied coats, (3) metallic coats, (4) paints, varnishes, 
and lacquers 

(1) Oil and grease films have only a limited application 
depending on service conditions Their action is purely 
mechanical, in excludmg moisture and to some extent air 
from the metallic surface, and is not usually very efficient 
indeed, the organic acids and sulphur compounds con- 
tained m some oils may themselves have a pronounced 
corrosive effect Furthermore, patches of oil or grease 
forming an incomplete coat may act as oxygen screens and 
set up differential aeration, giving rise to considerable 
attack 

(2) The most successful non-mctallic protective coating 
IS the oxide layer produced on aluminium by the ‘ano- 
dizing’ process due to Bengough and Stuart [7, 1923] 
Aluminium made anodic in warm dilute chromic acid 
becomes coated with a very tough, insulating oxide-film, 
which besides being protective m itself affords an excellent 
basis for a paint or lanoline coat Owing to its mordanting 
properties, it can also be coloured by immersion m smtahlf 
dyeing solutions Attempts to coat magnesium chemically 
have led to the development of the chromate coating of 
Sutton and Le Brocq [69, 1931], and the selenium oxide 
coating of Bengough and Whitby [11, 1932] These coat- 
ings confer moderate protection and are advocated for 
use under paint or lanoline 

(3) Many metallic coatings are in common use, and fall 
into two distinct classes, reviewed by Evans [26, 1928] In 
the first, the coating is of a metal more noble than that 
to be protected coatings of silver on copper and white 
metal, and of copper, nickel, and chromium on iron may 
be instanced The protection is purely mechanical, in 
fact, at breaks or pores in the coatmg the exposed base 
metal may suffer anodic attack owing to the action of 
the cell 


Cathode I i Anode 

‘Noble’ Corroding I ‘Base’ metal 
coating I electrolyte | 

and serious local corrosion may occur It is therefore im- 
perative that the coating should be as impervious as pos- 
sible The second class of metallic coating is less noble 
than, and therefore anodic to, the base metal, examples 
being tin on copper and zinc on iron Here the anodic 
dissolution of the coating at a pore produces cathodic 
alkali at the base metal cathode, and this is therefore electro- 
chemically, as well as mechanically, protected at the expense 
of the coating A coating which is sometimes cathodic, 
sometimes anodic, is that of tin on iron Only mechanical 
protection is afforded against, for example, neutral salt 
solutions, for the tin is here cathode but if ions such as 
citrate which form stable tin complex ions are present, the 
tin becomes anodic and affords electrochemical protection 
as well 

(4) The protection afforded by paints is partly mechanical 
in the exclusion of corrosive agencies, and partly chemical 
if the paint pigment contains corrosion inhibitors Thus 
ferric oxide paints protect only mechanically, while red 
lead and lead chromate have a marked passifying influence 
on iron, tending to heal the oxide-hlm and afford chemical 
protection Bituminous paints probably owe their value 
against acid atmospheres to the presence of inhibitors of 
the cathodic type (vide supra) which are the most effective 
in minimizing acid attack Protective painting has been 
extensively discussed in a senes of papers by Evans and 
Bntton [29, 1930], Britton and Evans [14, 1932], and 
Lewis and Evans [51, 1934], one of their main conclusions 
IS that the first or priming coat should protect chemically, 
e g red lead, while the second coat should exclude moisture, 
&c , as efficiently as possible 

Varnishes and lacquers give mechanical protection only, 
generally of a less degree than paints, but are used for 
protection against indoor atmospheres and other mildly 
corrosive circumstances 
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During the past two or three decades the corrosion of 
metals has been engaging the active attention of workers 
in chemistry and metallurgy, and various conceptions have 
been put forward to explam the reactions taking place 
Among these theories figured for some tune a biological, or 
rather a microbiological, explanation which, according to 
Speller [17, 1926] was based on the fact that certain micio- 
organisms thrive in water containmg iron salts and decom- 
pose these salts with the precipitation of iron hydroxides — 
rust On the whole investigators did not take kmdly to this 
biological theory, which was soon found to be far too 
restricted to explain the vaned and often seemingly contra- 
dictory facts established Most workers preferred to see in 
corrosion an electrochemical action givmg rise to the 
passing mto solution of ions of the corroding metal at 
anodic areas and to the passmg out of solution of hydrogen 
or another metal at cathodic areas, a reacUon which would 
be greatly accelerated by electncal currents purposely or 
accidenully generated at or near the seat of corrosion 
Since the formulation of this electrochemical conception, 
the question of a biological aspect of corrosion has for all 
practical purposes been regarded as non-existent In the 
ibllowmg pages an attempt will be made to reopen this 
question, smee it is clear from many recent pubhcations 
that conditions brought about by rmcrobiological activity 
at the site of corrosion of metals, when this corrosion takes 
place under water or in the soil, cannot fail to have a 
marked effect on the rate of corrosion 

In reopemng the question it has not been the intention 
to formulate a new biological conception to replace the 
electrochemical theory of corrosion, but to point to a new 
factor which may explain certain facts which are at present 
not easily mteipret^ In domg so it should be clearly 
understo^ that it is the corrosion of metals m soil and in 
certam waters which are dealt with 

As a general rule it may be claimed that the progress of 
corrosion m water or m the soil is noticeably affected by 
the presence of orgamc matter and of certam salts, notably 
sulphates, and that it may be mdependent of the supply of 
oxygen, anaerobic conditions being often as corrosive or 
even more so than aerobic condiuons This is the case, for 
instance, m anaerobic clayey soils where the rate has fre- 
quently been reported more rapid than m aerobic sandy 
soils ^gan, Erving, Yeomans [14, 1928], Demson [6, 
19311) Nor does the absence of strong electncal currents 
which have so often been made responsible for the rapid 
corrosion of metals seem to render harmless either clayey 
sods or water polluted with orgamc matter or contauung 
sulphates 

A significant observation revealed hy a review of the 
existing hterature is that the corrosion products of metals 
destroyedm soil and m certain waters have beenshownm ail 
cases whereactual determinations have been made to contam 
a hi^ percentage of sulphur, m the form of sulphides. In 
their ai^yses of scale from corroded condenser tubes, for 
instance, Bengou^ and May [5, 1924] found S % of sulphur 
Irvme [12, 1891] had previouily recorded that an iron cham 
which had corroded through exposure in sea-water con- 


tained an outer casting or skin fully i in thick which had 
a very high sulphur content Friend [8, 1922], in his mter- 
esting memoir on corrosion, records that corroded, graphi- 
tized cannon balls which had remamed submerged m the sea 
near Brest for more than a century had an outer casmg con- 
sisting of sulphide, sand, and calcareous matter And, most 
significan t of all, Gaines [9, 1910], who analysed a large num- 
ber of corrosion products from the exterior and interior of 
damaged iron conduit pipes, found between 1 4 and 6 5 % 
of sulphur m these products, while rust artificially produced 
by connecting a gravity cell to steel plates immersed m a 
sodium chlonde solution gave less than 0 1S% of sulphur 
The steel used m the experiment contamed no more than 
0 05% sulphur Further significant evidence of a difference 
in sulphur content of iron corroded normally under water 
and iron artificially corroded and graphitired m acid was 
brought forward by Grzcschick [11,1912], who analysed the 
product prepared by treaUng cast iron with hydrcxihlonc 
acid until it had acquued a graphiUc appearance and 
showed pyrophoric properties similar to those observed in 
cast-iron implements rescued from the sea after prolonged 
exposure In the artificial product prepared by Grzeschick 
there was considerably more carbon, phosphorus, and 
sihca than in the original metal, but the rise in sulphur 
was insignificant compared with that recorded in cast iron 
corroded by soil or water 

If It may be concluded from these observations that it is 
diaractenstic of a corrosion in soil and m certain waters 
that the corrosion products of a damaged metal contains 
considerably more sulphur than the original metal, then it 
would appear desirable to estabhsh the cause for this in- 
creased sulphur content An increase of the order observed 
cannot have been due to the partial elimination of metal 
from the corroded material such as would take place where 
acids or electncal currents were responsible for the corro- 
sion The work of Games and of Grzeschick proves this, and 
demonstrates that the presence of an abnormally high sul- 
phur content m the metals must be due to the introduction 
of sulphur from extraneous sources In this connexion it is 
significant to note that the excess of sulphur is stated to be 
present in the form of sulphides, mdicating that the ex- 
traneous source of sulphur must have been hydrogen sul- 
phide evolved at or near the seat of corrosion 

That hydrogen sulphide greatly increases the rate of 
corrosion was shown by Bengough and May [5, 1924], who 
earned out expenments with vanous metals, including rust- 
less steel, immersed insea-water to which 3c c ofhydrogen 
sulphide had been added per litre of water. But this par- 
ticipation of hydrogen sulphide in corrosion was regarded 
by them and by most mvestigators as an exceptional 
occurrence limited to places where putrefacuve de- 
composition of protems occurred That hydrogen f ui pin dit 
shoidd be found qmte frequently m some smb and waters 
m the absence of decomposing organic matter was not 
generally known, though it had been demonstrated by 
Plauchud [16] as early as 1877 and had attracted the atten- 
tion of several other writers between then and now. The 
source of this hydrogen sulphide was in time recognized 
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to be sulphates present at the site of corrosion Various tant relationship which appears to exist between the 


chemical formulae were proposed to explain the reactions 
by which sulphates could be reduced to sulphides In a veiy 
interestmg senes of pubhcations, Bastin and his collabora- 
tors [1, 1926] gave an account of the problem of the natural 
reduction of sulphates, compiling many interesting obser- 
vations by other writers who had shown, both that the 
chemical explanation of the reduction of sulphates in 
nature is untenable, smce the drastic conditions required 
for such reactions do not occur there, and that certain very 
specific micro-organisms not only arc present at the places 
where hydrogen sulphide is evolved by the reduction of 
sulphates, but actually require to carry out this reduc- 
tion to mamtain their normal life functions Since these 
organisms, the sulphate-reducmg bacteria, have been found 
to be extremely widely distributed in soil and water, and, 
curiously enough, to be particularly active in such places 
which have empincally been found to be highly corrosive, 
notably clayey soils [18, 1922], estuarine waters [3, 1895], 
and the mud from lakes and from the sea [13, 1924], it 
IS impossible not to suspect them of participating in the 
corrosion of metals in such places 
No fundamental investigations have as yet been carried 
out to confirm this suspicion experimentally Dixon [7, 1930] 
suggested that the predominant cause of the corrosion of 
water conduit pipes in the soil was ‘the action of sulphur 
present produced by microbes which infest the soil in 
question’ Dixon presumably arrived at this conclusion 
from experiments which he earned out and in which 
bars of cast iron were embedded in damp clay enclosed 
in glass bottles to insulate it from electrical effects He 
found that after three months’ exposure the iron showed 
distinct signs of blackemng due to sulphur compounds 
A connexion between the microbiological transformauon 
of sulphur and the corrosion of a water-main was suggested 
also by Beckwith and Howard [2, 1933], and recently further 
evidence, which is partly of an experimental nature, has 
been brought forward by van Wolzogen KUhr [19, 1934] m 
Holland and by Bunker [5a, 1936-7] in Great Bntaui This 
evidence strongly supports the view expressed above that 
the sulphate-rcduang bacteria play an important part in 
the anaerobic corrosion of metals As already mentioned, 
further work is required fully to substantiate the impor- 


changes suffered by sulphates and to a much smaller 
extent by sulphur-containing organic substances through 
the action of micro-orgamsms and the rapid and serious 
corrosion of metals in soils and m water, where such sul- 
phate reduction takes place Should this relationship finally 
and irrefutably be cstabhshed as a result of sut^uent 
mvestigations, it will be possible to predict, with much 
greater precision than appears possible at present, whether 
a certain type of soil or a certam water is likely to prove 
abnormally corrosive, since the isolation of sulphate- 
reducing bacteria, which offers little or no difficulties to the 
trained mvestigator, could be taken as clear evidence that 
conditions were favourable for corrosion to occur And 
it would then be possible also to predict that unprotected 
iron or steel pipelines used for conveyance of crude oils 
must be particularly exposed to corrosion on their internal 
surfaces, since the brine which accompanies most crude oils 
IS a carrier of sulphate-reducmg bacteria capable under the 
conditions prevailing in the brine of reducing the sulphates 
present to hydrogen sulphide Where, therefore, this bnne, 
through settlement or otherwise, comes in direct contact 
with the metaihe surface of the pipe, formation of metafile 
sulphides might be expected with resultant corrosion 
So far attention has been paid only to a possible con- 
nexion between microbiological activity and corrosion as it 
concerns the metabohsm of sulphur m nature Though this 
may well be found to be the most important aspect, the 
available literature refers to other substances than hydrogen 
sulphide which have been shown to accelerate corrosion 
m soil and m water, notably nitrates [10, 1913] and organic 
acids [15, 1922] Both of these substances are, as is well 
known, important products of metabolism of various micro- 
organisms without the activity of which they would be un- 
likely to be present in most soils and water To what extent 
either, or both, of these substances have been responsible 
for the remarkable observations of Bengough and Lee [4, 
1932] that natural sea-water shows a greater rate of corro- 
sion than artificially prepared sea-water of the same salt 
concentration, and of sea-water which has been boiled with 
potassium permanganate and thereby presumably ren- 
dered sterile, cannot be stated, but certamly requires further 
elucidation 
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THE CORROSION OF REFINERY EQUIPMENT 

By E. THORNTON, B.Sc., F.I.C. 

National Oil Refineries Ltd , Uandarcy, England 


Sir John Cadman during the World Petroleum Congress 
in 1933 desenbed corrosion as making a constant and 
insidious attack upon general equipment, and gave a rather 
startlmg figure as an estimate of what such attack costs the 
petroleum industry in the course of a year 

The importance of corrosion is fully realized and the 
subject of general corrosion is fully dealt with in another 
article in this book This article is limited to a considera- 
tion of such corrosion as affects refinery equipment For 
an account of the work of the Committee on Corrosion of 
Refinery Equipment of the American Petroleum Institute 
reference should be made to the Proceedings of the 17th 
Annual Meeting of the A P I , Section III, Refining, p 71 

Even in a refinery there is a certain amount of corrosion 
of a general character, but it differs in no way from similar 
corrosion m any other kind of works and therefore does 
not need to be dealt with in detail m this article Even the 
corrosion of the outside shells and of the tubes in fired oil 
furnaces differs very little from that met with in boiler 
practice The burning of acid sludges or sulphurous fuels, 
or overheatmg due to scale either from boiler water or 
coke, will cause undue wear and tear of steelwork exposed 
to the flue gases and can be met by the use of special alloy 
steels or doped steels, e g calorized, but is probably best 
met by adequate thickness of metal in the exposed parts, 
sufficient testing and sufficiently frequent renewals being 
made to minimize hazards due to this kind of corrosion 
The special corrosion which affects refinery equipment can 
be serious from two points of view, the first hazard and 
the second cost 

Where inflammable materials such as oil are being 
handled, sometimes at considerable pressure, the factor of 
hazard has to receive very speaal care, and for this reason 
It IS essenbal that corrosion must not be allowed to inter- 
fere with the operation of safety-valves or flame-preventing 
devices, and that in particular vessels at high temperature 
filled with oil must not be allowed to burst due to corrosion 
weakenmg the vessels 

On the question of cost there is room for difference of 
opinion and for particular study of each problem, as will 
be shown in the course of the article 

The kind of corrosion met with can be conveniently dealt 
with under several heads 

1. High-temperature Corrosion. 

This IS probably the most hazardous of the various types 
of corrosion met with and results in the weakening of the 
walls of the heated furnace tubes or reaction vessels so that 
they become too thin to stand the pressures 

It can be said in general that very little corrosion is to 
be expected from heating of even sour crudes at tempera- 
tures below 700° F , but that above this temperature very 
serious corrosion can occur, dependent, of course, upon 
the type of crude oil being processed Recent experience 
with high'temperature pipestilk indicates that there may be 
an upper limit of temperature, also, beyond which corrosion 
IS not senous 

Methods of combaUng such corrosion can be con- 
veniently divided mto three sub-heads. 


(а) By limiting or preventing the corrosive influence. The 
corrosion would appear to be in most cases a combination 
of steel with sulphur from the crude, and although there 
IS considerable evidence that this attack is affected by the 
presence of traces of chlorine, there is little doubt that 
the seventy of attack is a function of the temperature used 
This makes it very important to ensure that locahzed high 
temperature is not permitted to exceed greatly the general 
level of temperature sought Correct design with regard to 
turbulence within the tube and well-balanced radiation and 
convection intake of heat outside the tube can do a great 
deal to avoid the particularly bad corrosion which occurs 
when localized hot spots, particularly if accompanied by 
coking, intensify the normally present corrosive action of 
the crude to a dangerous extent 

Another factor which is of importance at high tempera- 
ture IS the character of the liquid/vapour mixture passing 
through the tubes, it being quite a common experience to 
get heavy wear and tear on the inside of the tubes at a point 
where evaporation is only partly complete This is really 
very largely erosion, but the effect is the same in that 
the scouring action simply gives further play to corrosive 
tendencies, and the walls of the tubes and bends can be 
scooped out in a most alarming way in a quite short time 

This IS best avoided by allowing ample cross-section and 
thus reducing velocity at points where it is known that such 
a spray will be travelling through the heated portion of 
the tubes 

Another method of dealing with such corrosion is to use 
alkali in some manner, e g by the injection of lime, caustic 
soda, or even ammonia, with a view to retardmg or pre- 
venting the release of chlorine and/or sulphur in a form 
which can attack steel 

(б) By using non-corroding materials. Where corrosive 
tendencies are so marked as to defy the methods outlined 
above it becomes necessary to use special metals, of which 
there are several now available among the various alloy 
steels containing molybdenum, nickel, and chromium The 
most resistant of these metals are relatively expensive, and 
furthermore a new hazard can be introduced with regard 
to the liability to creep stress and embrittlement which 
characterizes certain of these alloys 

These matters are now well understood and many 
modern plants successfully use alloys of reasonable cost 
and having satisfactory properties with regard to creep 
stress and embrittlement 

(c) By using common materials and making suitable allow- 
ances in design. Since the factor of economics must enter 
as setting a limit to the ways of reducing the hazard, it is 
often possible to use common mild steel and to meet the 
hazard by havmg an adequate thickness of metal combined 
with an elaborate system of examination and taating by 
means of measurement and the use of a bnmirwr rinnng 
shut-down penods 

Where vessels of large size are concerned, Imers of pro- 
tective matenal, such as cement coatings or adherent sprays 
of metal, or welded liners can be used efiectively to avoid 
theexpenseof making the entirevessel of corrosum-resisttag 
matenal The eflScaqy of such devices, however, depends 
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entirely upon the ability to cover completely the surfaces to 
be expos^, leaving no pm-holes or bare places where cor- 
rosive attack could get behind the lining or spray 

2. Low-temperature Corrosion. 

Low-temperature corrosion occurs most frequently 

(а) In condensing equipment or in the upper portions of 
fractionating towers which are, in effect, part of the 
condensing equipment, including run-down lines and 
tanks 

(б) In equipment used for treating v,ith chemicals 

Elealing with {a) first, the methods of dealing with such 

corrosion can be conveniently divided into two major 
divisions 

(i) By limiting or preventing the corrosive influence 

(ii) By using non-corroding materials 

Under the first heading perhaps the best preventive of 
all is to avoid the presence of water in any shape or form, 
though this IS a counsel of perfection where damp air has 
to be dealt with 

It is usually necessary, however, to introduce some kind 
of neutralizing agent, the injection of lime or soda with 
the onginal crude has been used 

In other cases the immediate neutralization of the 
vapours by the injection of soda or lime-water proved 
effective in protecting the condensing equipment from what 
had been very severe corrosion, ammonia also is used for 
the same purpose 

In cases where the material being processed is the result 
of treatment with sulphuric aud, it is often possible to lunit 
the corrosive effect of the overheads by regulating the acid 
treatment to prevent the formation of easily decomposed 
sulphonatcd bodies and also by limiting the temperature 
used m the re-running cither by the use of vacuum or exces- 
sive steam Such means, however, are seldom completely 
effective, and the use or otherwise of such methods is 
determined by the reduced cost of replacement effected by 
their use 

Under the second head, i e the use of non-corroding 
materials, a great deal of experimenting has been done 
throughout the oil industry from its earliest beginnings 
There is little doubt that where design permits, the use of 
cast iron can give veiy long life, and many successful 
applications of various coatings such as enamel or tin are 
to be found 

In other cases a selection of suitable metal, such as 
bronze, solves the difficulty, though it has to be realized 
that bronze is readily attacked by alkali The writer’s per- 
sonal leaning is to adequate neutralizing of the vapours 
before condensation by means of an alkaline liquor such 
as soda or lime, followed by the use of ordinary mild-steel 
condensers, run-down lines, tanks, &c 

Deahng with (b), i e corrosion of treating equipment, 
this IS usually due to the reagents employed rather than 
to the oil, and is dealt with again along two mam lines, i e 

(1) Either preventing or limiting the corrosive influence, 
or 

(2) Usmg non-corroding materials 

The limiting or prevention of the corrosive mfluence is 
seldom easy where any kind of intensive agitaUon has been 
employed 

In the case of the use of liquid sulphur dioxide it is 
of extreme importance, in fact it is essential, to exclude 


rigorously the entry of water in any shape or form, and it is 
usually necessary to provide punfying equipment to deal 
with even such small quantities of water as may get to the 
equipment from the atmosphere 
In the case of sulphunc acid the sludge formed, and 
remaining to some extent in suspension, can never be 
instantaneously neutralized, and it is therefore usually 
necessary to provide anti-corrosive materials at the stage 
where neutralization begins Such materials for the vessel 
may be lead or regulus where no great stresses are involved, 
or any successful method of lining with enamel, lead. Sue 
Phosphor bronze and stainless steels can be used for re- 
volving parts, but care must be taken that the stainless 
steel has had a suitable heat treatment to render it resistant 
to the attack of corrosion The undersides of tanks and 
vessels which are not actually submerged in liquid can be 
protected to some extent by painting with various dressings, 
though few such dressings have real permanence, and it is 
usually better to allow sufficient metal to make replacement 
possible, or to provide adequate protection as above 
Two forms in which low-temperature corrosion can be 
deadly are in the causing of safety-valves to become fixed 
and fail to lift as designed, and in the deterioration of 
gauzes placed m various flame-preventing devices 
The only safe method of dealing with such subtle cor- 
rosion IS to have frequent and thorough exammation of 
such devices and to replace corroded parts where necessary 
The writer has seen gauzes which were being relied upon 
to prevent flame propagation in such a condition as to be 
completely impervious to the free passage of vapours and 
utterly useless as conductors of heat, and yet such a con- 
dition would not have been found but for the accidental 
dismantling of a tank in question 
Summing up, then, the corrosion problem for refineries 
which is special to oil can be due to 

(1) High-tcmperature decomposition liberating corrosive 
acid or sulphur, and can be met by 

(a) Limiting the corrosive influence by the use of some 
alkali in a preferred way, or 
(h) Using such materials as have a greater resistance to 
corrosion, e g alloy steels, liners, &c , the problem 
being to combat the corrosion without introducmg 
a new hazard due to the inferior general properties 
of the alloy used 

(2) Low-temperature corrosion by acids formed during 
distillation which can again be dealt with by usmg some 
form of alkali injection to limit the tendency to corrode or 
by using protective coats or materials which are not so 
easily corroded 

Corrosion due to chemicals introduced as treatmg agents 
can probably be dealt with only by the use of resistant 
materials 

Hazard due to corrosion arises from 

(а) The burstmg of high-pressure equipment which may 
lead to fires or explosions 

(б) The failure of the safety devices 

(c) The release of toxic vapours or liquids without warn- 
ing to operators 

The economics of corrosion prevention are special to 
eacdi case considered, and where hazard is absent mild steel, 
because of its cheapness, can often hold its own against 
the use of more resistant materials due to inherent low cost 
even when allowance is made for more frequent replace- 
ment of corroded parts 
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Introduction 

In the space avaJable for this article a comprehensive 
treatment of the whole subject of hydrometers and hydro- 
metry is not possible Attention has therefore been con- 
fined to some of the more important aspects of the subject, 
keeping in mind the particular requirements of the petro- 
leum industry Prominence has been given to density 
hydrometers, because the general use of density hydro- 
meters would lead to a much needed unification and sim- 
plification in scientific, technical, and industrial procedure 
not only in the petroleum but in many other mdustrics 

Detads of Construction of Hydrometers 
In this section the construction of hydrometers will be 
considered with a view to indicating various details to 
which attention should be paid in the manufacture, speci- 
ficaUon, or cxammation of hydrometers 
The most generally useful type of hydrometer is a glass 
instrument consisting of a bulb weighted 
at the lower end and surmounted by a 
stem, small in diameter compared with the 
bulb, in which is enclosed a scale on which 
readings are taken The present article will 
be confined to this type of hydrometer 
which IS the one almost universally em- 
ployed in the petroleum industry 
In recent years the shape of bulb shown 
in Fig 1, though by no means new, has 
come into increasing use Its merits are 
that It IS simple to make and easy to clean 
A cylindrical stem is best for hydro- 
meters It should be co-axul with the bulb 
and the hydrometer should float with its 
stem vertical The stem should extend 
sufficiently, at least 20 mm , beyond the 
highest graduation mark on the scale, to 
enable the hydrometer to be manipulated 
by holding the top of the stem without 
risk of hngenng the portion of the stem 
occupied by the scale The stem should 
remain uniform m diameter for several 
millimetres below the lowest graduation 
mark 

Paper is almost universally used for the 
hydrometer * * s®**® enclosed in the Stem The paper is 
rolled into a cyhnder smaller in diameter 
than the bore of the stem so that when inserted it opens 
and fits snugly against the inside of the stem where it is 
fixed m position with a spot of adhesive It is important 
that provision should be made whereby any accidental 
shift of the paper scale relative to the stem can be detected 
A simple means of domg this is that fint given m the spea- 
fication for I P T hydrometers [1 , 1924] A horizontal line 
with a V at each end thus > — < is marked on the paper 
scale a few millimetres above the highest graduation mark. 
A honzontal hne is etched on the stem of the hydrometer 
coincident with the above datum mark It is convenient 
if the line on the stem is somewhat longer than the hon- 



zontal portion of the datum mark so that the ends of the 
line project into the Vs at each end of the datum mark 
Provision of a datum mark on hydrometers is by no means 
general, whereas it should be universal 
The paper used for the scale should be of a kind on 
which fine clean graduation marks can be drawn An 
esparto paper — 65 to 75% esparto — ^is suitable as it fulfils 
this requirement and is subject to minimum changes in 
dimension with alterations in humidity The strips of 
paper for the scale should be cut with their length in the 
machme direction of the paper 
The graduation marks should be varied in length and 
the scale suitably numbered to ensure ease of reading, 
I e to ensure that the exact significance of any graduation 
mark can be read at a glance Though bold figuring has 
obvious advantages, the position of the figures and the size 
of the figures relative to the spacing of the graduaUon 
marks should be carefully designed so that it is immediately 
clear to which graduation mark any particular number 
relates There should be no evident irregulanty in the 
spacing of the graduation marks, i c no obvious differ- 
ences between the lengths of adjacent subdivisions, though, 
of course, on all hydrometers on which the subdivisions 
represent equal increments in density, the graduation 
marks become progressively closer together from the top 
to the bottom of the scale Printed scales have an advantage 
m general appearance as regards regularity of spacing 
over hand-drawn scales It should be remembered, how- 
ever, that printed scales are constructed on the assumption 
that the hydrometer stem is absolutely uniform in diameter, 
and the possibility of errors due to variations in stem 
diameter should not be overlooked 
Every hydrometer should bear an inscription indicating 
in a manner free from all ambiguity the basis on which 
the scale has been constructed The inscription should 
include a statement of the surface tension for which the 
hydrometer has been adjusted, or, alternatively in special 
circumstances, the name of the liquid for use in which the 
hydrometer has been adjusted 

Basis of Hydrometer Scales 
The three most generally used types of hydrometer in 
the petroleum industry are specific gravity hydrometers, 
Beaume hydrometers — mainly the API vanant — and 
density hydrometers 

It would be an advantage to have a common basis for 
all hydrometers used m the petroleum industry and the 
one which has most to commend it is that the hydrometers 
used should be adjusted to mdicate density— mass per 
umt volume— in grammes per millimetre at 20° C 
Arbitrary scale hydrometers such as the Beaum^ have 
obvious di^dvantages 

The specific gravity of a liquid is most simply defined 
by the ratio 

Density of the hquid at the temparature h 
Density of water at the temperature t, 
and IS convemently represented by the symbol Stijlt. 
Qearly, by assigmng different values to ti and tt, uumatt- 
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able specific gravities may be chosen and the position is 
further complicated by the use of ‘specific gravity m air’ 
in addition to specific gravity on a mass basis as defined 
above Although the specific gravity 5 60" F/6(y’F iswidely 
used m the petroleum mdustry and so to some extent there 
IS uniformity, yet specific gravity does not afford nearly 
so sunple a basis for hydrometry as density 

A detailed consideration of the question has been given 
elsewhere [2, 1933], and here it must suffice to summarize 
briefly the advantages of the density basis These are 

(1) The basis of the scale is entirely free from ambiguity 
and IS expressed in universally recognized units 

(2) The temperature corrections are exceedingly small 
For example, the corrections for readmgs taken at 
any temperature within the range 10 to 30“ C to 
obtain the density of the liquid at the temperature 
of observation do not exceed +0 0005 g per ml 

(3) The density recorded by the hydrometer is a funda- 
mental property — mass per unit volume — of the 
liquid Itself and provides the simplest basis for 
hydrometry For example, calculations of the weights 
of known volumes of liquids, or volumes of known 
weights of liquids, start from a simple logical basis 
and can readily be carried out (sec p 2325) 

(4) The basis recommended is suitable not only for the 
petroleum industry but could with advantage be 
adopted in all other industries where it is not already 
m use 

Determination of Density by means of a Hydrometer 

In this section it is assumed that a hydrometer adjusted 
to indicate density in g per ml at 20“ C is used, and the 
observation of the hydrometer reading will be considered 
first 

To obtam the density of a liquid by means of such a 
hydrometer, provided that it has been adjusted for a 
surface tension appropriate for the liquid in which it is 
to be used, the only observations necessary are a teadmg 
of the hydrometer in the liquid and a determination of 
the temperature of the liquid If the liquid is one having 
a low surface tension, say less than 40 dynes per cm , 
variations in its surface tension are not likely to occur and 
the hydrometer reading may be taken in a simple cylindncal 
hydrometer jar The liquid should be poured gently into 
the jar and the formation of air bubbles in the liquid 
avoided The hydrometer is inserted carefully into the 
liquid being held by the top of the stem and released when 
approximately in its position of equilibrium A little 
expenence soon enables one to appreciate when the hydro- 
meter IS approaching equilibrium and to release it in such 
a position that it rises or falls by only a small amount when 
released When the hydrometer has been released the 
reading is noted approximately, and then, by pressing 
down on the top of the hydrometer stem with the finger 
and thumb, the hydrometer is immersed a few milUmetres 
beyond its position of equilibrium and then allowed to 
come to rest If the hquid is transparent the readmg is 
then taken at the intersection of the level liquid surface 
and the stem, the scale being viewed through the liquid 
and the eye temg brought level with the hquid surface 
If the hqmd is opaque the scale reading corresponding 
to the top of the meniscus is taken and an amount added 
to this to allow for the height of the meniscus and obtam 
the readmg at die level surface 

Dquids of high-surface tension, say above 40 dynes 
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per cm , e g mixtures of mineral acids and water, solutions 
of salts, &c , are liable to exhibit considerable vanations 
m surface tension due to surface contamination A vessel 
having provision whereby some of the liquid can be over- 
flowed immediately before Uking the hydrometer reading 
should be used for such liquids A simple and convenient 
vessel IS shown in Fig 2 By addmg sufficient liquid to the 
vessel to cause a small volume to overflow at the side tube 
A, immediately before placing the hydrometer into the 
liquid, consistent and reliable readings can be obtained 



It IS generally sufficient to observe the temperature 
either immediately before or immediately after taking the 
hydrometer reading It is safer, however, to observe the 
temperature both before and after taking the hydrometer 
reading, in order to confirm that the temperature condi- 
tions are sufficiently steady It is generally more convenient 
to take the hydrometer reading with the temperature of 
the liquid the same or nearly the same as the prevaihng 
room temperature rather than to place the hydrometer 
jar in a constant temperature bath Though thermometers 
are often incorporate m hydrometers, it is more general, 
and preferable, to use a separate thermometer and a simple 
hydrometer 

Having obtained the hydrometer readmg and the 
temperature of the liquid, it is necessary, strictly speaking, 
to apply the following corrections m order to obtam the 
density of the liquid at the temperature of observation 

(a) a correction for the scale error of the hydrometer at 
the pomt read, 

(h) a correction for the change m volume of the hydro- 
meter between 20° C and the temperature at which 
the reading is taken, 

(c) a correction for the difference between the surface 
tension of the liquid and that for which the hydro- 
meter IS adjusted 
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In practice, however, the need for applying these cor- 
rections may be avoided by 

(i) using a hydrometer with suitably small scale errors. 

(ii) by arranging the temperature of observation to 
be sufficiently near to 20° C As, however, the 
correction under (b) is small, see Table I, compara- 
tively wide departures from 20° C are possible , 

(ill) by usmg a hydrometer adjusted for a surface 
tension appropriate to the liquid whose density is 
required 

The corrections under (a), (b), and (c) arc, however, 
considered m detail below in order to demonstrate their 
magmtude and make it possible to determine, for any 
required accuracy in the final result, whether or not any 
particular correction may safely be neglected 

(a) Scale Errors. 

The maximum permissible scale error and the length of 
scale equivalent to this is given below for the IPT 
hydrometers 

I Senes A \ Senes B j Senes C ' Senes D 

Maximum permissible | I i , 

scale error i 0 0004 i 0 001 10 0015 I 0002 

Average equivalent i ^ 

length of scale 1 3 mm | 1 5 mm | 1 5 mm | 1 4 mm 

Thus, m each senes, the maximum permissible scale 
error corresponds to about 1 5 mm in scale length This 
represents an accuracy which might well be expected 
without an unduly high cost of production Hydrometers, 
however, should not be accepted *on trust’, but their 
scale errors should be determmed before the hydrometers 
are put mto service In this connexion it may be mentioned 
that The National Physical Laboratory undertake the 
testmg of hydrometers and it will often prove more con- 
vement to use hydrometera which have bwn tested at The 
National Physical Laboratory rather than for the user to 
carry out his own verification of the hydrometers Hydro- 
meters made to the I P T specification, for example, may 
be submitted to The National Physical Laboratory either 
simply for verification that they are accurate within the 
prescribed tolerances or for a certificate giving in addition 
the corrections actually determined, and the I P T specifica- 
tion Itself states ‘No hydrometer shall be regarded as 
“standard” unless it has been tested by The National 
Physical Laboratory for accuracy and dimensions and 
certified by The NaUonal Physical Laboratory monogram 
being etched upon the instrument ’ 

(b) Temperature Corrections. 

If the temperature at which the hydrometer is read is not 
20° C then the correction necessary owmg to the change 
m volume of the hydrometer between 20° C and the 
temperature at which the hydrometer reading is taken may 
be obtamed from Table I 

The corrections in Table I are expressed in umts m the 
fourth place of decimals and when -h are to be added to 
and when — subtracted from the observed reading at C. 

It will be seen that the corrections m Table I are veiy 
small For example, over the range of density 0 6 to 1 g 
per ml . which practically covers the requirements of the 
petroleum industry, the correction does not exceed one 
umt m the fourth place of decunals, which is negligibly 
small for most practical purposes, over the temperature 
range IS to 25° C Again, over the whole range of density 


0 6 to 2 g per ml the corrections do not exceed five umts 
in the fourth place of decimals over the temperature range 
10 to 30° C 

Table I 


Temperature Corrections for Hvdrometers Adjusted to 
indicate Density in g per ml at 20° C 


Observed i 
Awiro- I 

i 30° C I JJ" C I C 


1200 I 16 +S (3 h2 0 -2 

1400 I +7 +5 +4 +2 0 -2 1 

1600 ! +8 +6 +4 (2 0 2 

I 8 O 0 I 4 * 47 sS -L2 0 -2 

2-000 I 4 10 18 ,5 4-3 0,-3 

If the density of the liquid is required at some temperature 
other than the temperature of observation this must be 
obtained by makmg an allowance based on the coefficient of 
expansion of the hquid, as the hydrometer itself can only 
give the density at the temperature of observation 

(r) Surface-Tension Corrections. 

The method of calculating surface-tension corrections 
IS given m the following section, but here an indication of 
the magmtude of the corrections will be given Owing to 
the large variation in the dimensions of hydrometers at the 
present time it is not possible to give corrections of general 
application We will therefore take as an example den- 
sity hydrometers agreeing in dimensions with the I P T 
Series A hydrometers In Table II, corrections, expressed 
as units in the fourth place of decimals, are given for the 
differences in surface tension, stated at the head of each 
column, between the surface tension of the liquid m which 
the hydrometer is read and the surface tension for which 
the hydrometer is adjusted When the surface tension 
of the liquid is greater than that for which the hydrometer 
is adjusted the correction is to be added to the observed 
readmg and, when the liquid has a lower surface tension, 
the correction is to be subtracted imm the observed reading 

Table II 

Example of Surface Tension Corrections 

' Difference in surface tension. 
Hydrometer reading - dynet ^r cm _ 

g per ml S \ 10 \ IS 20 2^ J? \ \ 

0650to0 700 . 1 ! 2 ! 4 5 6 7 

0700to0750 1 I 2 I 3 5 6 7 

0750to0 800 1 1 1 2 1 3 4 6 7 

0800to0 850 Jlj2j3 4 5 6 

0 850to 1100 ll|2|3 4 5 6 

Suppose a hydrometer, of range 1 to 1 05 g per ml 
and subdivided mto mtervals of 0 0005 g per ml , to which 
the correcuons of Table II are applicable, i e one agreeing 
m dimensions with the I P T Senes A hydrometer of this 
range, were to be adjusted to a suiface tension of 35 dynes 
per cm —a reasonable value for heavy oils. If this hydro- 
meter were to be used m dilute sulphuric aad solutions 
having a surface tension of 75 dynes per cm. tfam the 
readings m the acid would be OOOOS g. par ml. too low, 
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equvalent to 1 6 subdivisions or 2 6 nun on the stem of 
the hydrometer Conversely, if the hydrometer were 
correct m sulphunc acid it would read 0 0008 g per ml 
too high in heavy oils 

As another example, a density hydrometer of range 
1 to 1 05 g per ml and subdivided into intervals of 
0 002 g per ml and having the dimensions of an 1 P T 
Series D hydrometer, if correct m sulphuric acid solutions 
would read 0 0045 g per ml , equivalent to a length of 
3*4 mm or more than two subdivisions on the scale, too 
high m heavy oils 

These examples show clearly the necessity for hydro- 
meters bemg adjusted for a surface tension appropriate 
to the liquid in which they arc used, or for the application 
of appropriate corrections if they are not so adjusted 
Surface-Tension Factor of a Hydrometer 

The term surface-tension factor is used as a convenient 
expression for mdicating the amount by which the reading 
of a hydrometer changes due to 1 dyne per cm change in 
surface tension 

Perhaps the sunplest method of deducing the surface- 
tension factor of a hydrometer is as follows 

Suppose a hydrometer to indicate density correctly m 
a liquid at a temperature of 20° C and having a surface 
tension equal to 71 dynes per cm Let this hydrometer be 
transferred to a second hquid also at 20° C and having 
the same density as the first liquid but a surface tension 
equal to 71 dynes per cm Suppose 71 to be greater than 
Ti Then in the second liquid the hydrometer will float 
with more of its stem submerged than in the first liquid 
owmg to the increased downward pull on the stem due 
to the higher surface tension Equilibrium will be attained 
in the second liquid when this additional downward pull 
IS exactly balanced by the mcrease in upward pressure 
on the hydrometer due to more stem being immersed m the 
liquid The increase in downward pull is’ 

vx~x (r^-ro dynes, 


and the increase in upthrust is equal to the weight of the 
additional hquid displaced, i e to 

where </ = diameter of hydrometer stem in mm, 

h = addiUonal length of stem, submerged, expressed 
in mm , when the surface tension mcreases from 
TiXoTt, 

p — density of liquid m g per ml , 

K — factor for convertmg density m g per ml to 
density mg per cm * which, for the present 
purpose, may be taken as unity without signifi- 
cant loss of accuracy, 

g — acceleration due to gravity m cm per sec.* 


Equatmg the above expressions and lewritmg the equation, 
we have ^_^(r,-7;) 


Now, the surface-tension fketor has been defined as the 
change m reading due to 1 dyne per cm change m surface 
tension If A mm is the length of scale eqmvalent to a 
chuige m density of 0 001 g per ml the change m readmg 
correspondmg to a stem length h is [(A/A) x 0 001] g per ml 
Hence, the surface-tension factor, say, is equal to 
[(A'/A) X 0 001] g per ml., where A' is the value of A given by 
equaUon (1) when (T,— 7]) is unity We therefore have 


" \0pXdg ** 


( 2 ) 


It is sometimes convenient to express the surface-tension 
factor in terms of subdivisions on the hydrometer scale, 
and m this form we will denote it by <fti If I is the length 
of one subdivision and A' is, as before, the value of A given 
by equation (1) when (TJ— Tj) is unity then 


^1 


A' 


or, substituting for A' from equation (1), 

400 

<l>i = y-T subdivisions (3) 

tpdg 

From expression (3) for it is clear that the greater 
the value of / v rf, i e the product of the length of a sub- 
division and the stem diameter, the less will be the value 
of 4>i In the design of a hydrometer, therefore, the value 
of the product Ixd should be kept as small as compatible 
with other requirements This fact is not generally recog- 
nized in the design of hydrometers 
The method of computing surface-tension corrections 
such as those given in Table II will now be clear Takmg 
the expression (2) for 4>p and applying it to a hydrometer 
of range 0 95 to 1 g per ml for which A = 3 3 mm and 
rf — 6 35 mm (I P T Series A dimensions) we have 


iO X 0 975 X 3 3 X 6 35 x' 981 ’ 

0 000020 g per ml 

The change in reading for 1 dyne per cm change in 
surface tension is therefore 0 00002 g per ml , and if the 
hydrometer is aebusted for a surface tension Ti the correc- 
tion necessary to rcadmgs taken m a hquid havmg a surface 
tension T. is (j. _ j-) q 00002 g per ml 


Hence when 7i— is equal to 5 dynes per cm the correc- 
tion amounts to one unit in the fourth place of decimals, 
and when Ti— T, is 40 dynes per cm the correction amounts 
to 8 umts m the fourth place of deunals It will be seen 
that these values agree with those given m Table II 


Use of Hydrometers in determining the Weight of a 
Known Volume of Oil 

In this section only the part played by the hydrometer 
m the determination of the wei^t of a known volume of 
oil or the volume of a known weight of oil will be con- 
sidered Apart from the effect of surface tension it is the 
density of the oil which determines the position of equih- 
bnum of any hydrometer floating m it Hence, whatever 
the scale of the hydrometer, the indication of the instrument 
is a function of the density of the hquid m which it is 
floating, and so the weight per umt volume of the hqmd, 
at the temperature at which the hydrometer readmg is 
taken, can be determmed This is the sole contnbution 
of the hydrometer to the procedure of determining the 
weight of a known volume of oil, or vice versa, and alone 
need concern us here 

As an example, the weight m lb per gal of a hquid 
havmg a density p g per ml at /° C will be calculated 
The density p may be obtamed most simply by readmg 
a hydrometer, adjusted to mdicate density mg per ml at 
20° C , m the liquid at the temperature t” C and, if the 
accuracy reqmiM demands it, correcting for the scale 
error of the hydrometer, applymg the necessary temperature 
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correction from Table I and making any necessary surface- 
tension corrections 

Let (F be the weight in air m lb of a quantity of the oil 
which occupies 1 gal at C , the hquid bemg at the 
temperature l°C when weighed From the equihbnum 
existmg at the tune of weighing if fV is deteimmed by 
direct weighmg m air we have 

where K ^ number of millilitres equivalent to 1 gal 
-4545 96, 

C = number of grams equivalent to 1 lb. 


gal by multiplying by 8 3268 mstead of by 10 Thus, m 
the above example the weight of the quanUty of oil which 
occupies 1 U S A gal at 1 ° C is 

8 3268 (0 8764+0 0009) = 7 305 lb 
Tables I and III may be combined to obtain corrections 
duectly applicable to the observed hydrometer readmg 
at /° C for the purpose of conversion of the readmgs to 
lb per gal This has been done in Table IV In this table 
the hydrometer readmg in the first column is the readmg 
on a hydrometer correctly adjusted for a surface tension 
appropriate to the liquid in which it is read, or an observed 
readmg corrected for any diflerence between the surface 
tension of the liquid m which it is read and the surface 
tension for which it is adjusted 


- 453 592343, 

or — density of air m g per ml (0 0012 g per ml 
will be taken as an average value), 

A = density of weights used in g per ml (8 3 g 
per ml will be taken as an average value for 
brass weights) 

The coefficient of (jt—a) m (4) is a constant which may 
be deteimmed from the numerical values quoted and the 
equation is m a convement form for calculatmg W for any 
determined value of p 

It IS not, however, necessary to cany out the computa- 
tion m full for every determination as the work can be 
sunphfied considerably by means of a table constructed as 
follows 

The value of W obtained from equation (4) will always 
be approximately equal to lOp, a result which follows 
directly from the defimtion of the gallon If, therefore, the 
differences between W and 10 p are calculated by means of 
equauon (4) for a senes of values of p, and these differences 
divided by 10 are tabulated as m Table 111, we obtam 
a simple means of convertmg g per ml to lb per imp gal , 
which IS made clear by the example following the table 
Table III has been constructed to cover a range of density 
adequate for petroleum products, and it will be seen that 
only a small and simple table is necessary 
Table 111 

Correction Table for Conversion of g per ml to lb 
per imp gal 


Density in 
C 


Correction for calculating weight in 
lb of guantily of liquid occupying 
1 imp gal at t° C 


0 65 
0 70 
075 


0 0003 
00004 
00006 


Table IV 

Corrections Table for obtaining lb per gal from Readings 
on a Density Hydrometer adjusted to indicate Density 
g per ml at 20'’ C 


i Temperaturct 

atec trc 's’c ^iirclis c\k°c 

065 I +7 ' +6 I +5 ! 4 4 ' +3 


+9 +8 I +8 


085 , +12 I ( II < 


0 j +18 


+ 6 ' +6 

+ 8 +7 

) 9 ■ +8 
+ 10 +9 

+ 12 I +10 

+ 13 I +12 
-) 14 i +13 

+ 15 I +14 


The corrections m Table IV are expressed as units in 
the fourth place of decimals 


Example of use of Table IV 

Observations 

Hydrometer reading IR) 0 8764 g per ml 
Temperature of oil, r° C = lO* C 

Derivation of lb per gal 

By interpolation between the values given under 10“ C 
against 0 85 and 0 9 respectively in Table IV, the correction 
appropriate to a temperature 10“ C and a hydrometer 
reading 0 8764 is +00011 

Hydrometer reading (R) ^ 0 8764 

Correction from Table IV (r) => +0 001 1 

(«+c) =. 0 8775 


00007 

00008 
00009 


0 95 
100 
105 


0 0010 
00012 
0 0013 


1 10 


00014 


As an example of the use of Table 111 let 0 8764 g. per ml 
be the density of an oil at l“ C The appropriate correction 
from Table III is 0 0009 and the weight of the quantity of 
oil which occupies 1 gal at l“ C is 

10 (0 8764+0 0009) = 8 773 lb. 

Table in may also be used to obtam weights per U S A 


Weight of oil which occupies 1 imp gal al 10° C 
= 10(it+c) = 8 7M lb 

Weight of oil which occupies 1 U S A gal at 10° C 
- 8 3268(JS+c) =. 7 3^ lb 

The weight m air of 1 litre of oil may also be obtamed 
readily from a readmg on a density hydrometer 

Let /> g. per ml be the density of a hqmd at f° C deter- 
mined from the reading of a density l^drometer, m the 
hqmd at /“ C 

Let p' be the apparent weight m air m grams of the 
quanUty of oil which occupies 1 ml at r * C. 

Then 

p'(l-«T/A) = p-a 
or />' = />-ff(l-/)/A) 
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Table V 

Conversions of Density — g per ml at /“ C — to Weight 
in kg per litre 


Correction to give weight in air 
in kg of the quantity of the 
liquid which occupies 1 litre at 


0 60 to 1 03 

1 04 to 1 72 
1 73 to 2 OO 


-00011 
-0 0010 
-0 0009 


Thus if 0 8764 g per ml IS the density of an oil at C 
the weight in air of the quantity of the oil which occupies 
1 htre at r® C IS 0 8764-0 001 1, i e 0 8753 kg 
We have thus seen that a hydrometer adjusted to mdicate 
mg per ml at 20° C can be used in conjunction with 
quite simple tables to obtain 

(a) weight in lb of I imp gal , 

(b) weightmlb of 1 USA gal . 

(f) weight m kg of 1 litre 


Now density mg per ml is numerically equal to density 
in kg per htre and the weight m grams of 1 ml is numen- 
cally equivalent to the weight m kg of 1 litre and so tabulat- 
ing the second term of the above equation as corrections 
we obtain Table V 


Note Smce the above article was written the recom- 
mended basis of adjustment for hydrometers, namely, that 
they should indicate density — ^mass per umt volume — ^m 
grams per millilitre at 20° C has been adopted by the 
British Standard Institution [3, 1936] 
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During the past decade the range of application of instru- 
ments to industry m general has been extended to such an 
extent that in the most highly developed and complex 
industries the measurement and automatic control of the 
major process variables has been completely adopted, with 
the result that all factors affecting the quantity and quahty 
of the final products are determmed and regulated from the 
time the raw materials are first handled 

The trend towards complete scientific and automatic 
control IS the result of economic stress and the continually 
mcreasing demand that products should conform to more 
numerous and more rigorous specifications The demand 
of industry for suitable equipment to achieve this closer 
control has been met by the development and supply of 
mstruments which, as the result of accumulated experience, 
are improved upon year by year 

The use of instruments which control the process auto- 
matically, in addition to measuring it, has grown rapidly 
Such instruments can be adopted only when they are at 
least as accurate as the manual control which they are 
augmenting or replacing and when their cost is offset by 
adequate saving in the cost of supervision of the process 
This stage has been generally reached and surpassed, on 
the one hand owing to the improved accuracy of modem 
instruments, and the employment of standard parts m their 
construction, resulting m lower price, and, on the other 
hand, to the gradually mcreasmg cost of skilled manual 
supervision 

Temperature 

Temperature may be defined m general terms as the 
‘level’ or potential at which heat is available Differences 
m temperature between two bodies exist when heat can be 
caused to flow from one to the other, the direction of the 
transference bemg from the higher ‘level’, or temperature, 
to the lower 

The datum ‘level’ or reference potenUal may be arbi- 
trarily chosen at any convenient pomt, such as that at 
which phase transition occurs m any pure element or com- 
pound In principle, temperature may be measured by any 
physical property of a substance which changes with 
temperature and which is susceptible of easy and accurate 
measurement 

The absolute zero of temperature may be defined m 
terms of various physical phenomena. Nevertheless the 
prmciples established by Carnot’s investigations m 1824 
into the reversible heat engme, m which heat is converted 
mto work, taken in conjuncuon with the Second Law 
of Thermodynamics, enable a defimtion of absolute zero 
temperature to be made in such a way that it is independent 
of the thermometnc substance used, viz ‘Only when a 
temperature of absolute zero is available can the whole of 
a given quantity of heat be converted mto work’ These 
prmciples also enable the following defimtion to be made 
of equal mtervals of temperature such as are required m 
graduatmg a scale for temperature measurement, as was 
first established by Kelvm 

‘Equal differences of temperature exist between a senes 
of systems when equal amounts of work are done by a 
senes of reversible engmes workmg between them and 


arranged so that each engine receives the heat rejected by 
the preceding engine m the senes ’ 

Just as the datum ‘level’ may be arbitrarily chosen, so 
may the temperature intervals be selected at will The most 
widely used datum level is the temperature of meltmg ice 
under 1 atmosphere absolute pressure, which is taken as 
zero The temperature of pure water boihng under the 
same pressure is taken as the other limit of the temperature 
interval As this temperature difference is too large for 
general use it has been subdivided mto 100 equal parts 
according to the Centigrade scale, and mto 180 equal parts 
according to the Fahrenheit scale — these parts being Centi- 
grade degrees and Fahrenheit degrees respectively The zero 
of the Fahrenheit scale has, however, been selected at a 
level 32 Fahrenheit degrees below the melting-point of ice 
imder 1 atmosphere pressure, so that the melting-point of 
ice IS 32° F and the boiling-point of water is 212° F These 
scales of temperature may be referred back to absolute zero 
by the addiUon of 273° (or 273 09 exactly) to the Centi- 
grade temperature and 460° to the Fahrenheit temperature 
Conversely, absolute zero may be referred to altemaUvely 
as —273° Centigrade or —460° Fahrenheit 
In actual pracUce other well-determined points of refer- 
ence may be employed in the calibration of temperature- 
measuring devices m addition to the meltmg-pomt of ice 
and the boiling-point of water, such as 

Tcmperalure 

op op 

Solidification-point of liquid tin 449 232 

„ , lead 621 327 

„ , zinc 787 419 4 

Boiling-point of liquid sulphur 832 S 444 7 

Solidification-point of liquid anumony 1,166 630 

„ „ „ aluminium 

(97 7% pure) 1,218 6S9 

Melting-point of solid gold 1,94SS 1,063 

Solidificauon of liquid copper 1,981 1,083 

MelUng-point of solid nickel 2,646 1,452 

.. „ solid palladium . 2,831 1,555 

.. „ plaunum 3,191 1,755 

The Measurement of Temperature 
The properbes of substances which may be convemently 
utilized m the measurement of temperature are thermal 
expansion, vapour pressure, thermo-electnc force at the 
junction of two different metals, the electncal resistance of 
metals, and the luminosity of ra^tmg bodies Instruments 
used m the measurement of temperature may therefore be 
classified as follows, dependmg upon the physical property 
employed 

Group (.4) Thermometers, of the gas or hqmd expansion 
or vapour-tension types 
„ (B) Resistance thermometers 

„ (Q Thermo-electnc and optical pyrometers 

Group (A). Gas, Liquid, and Vapour Tendon Tlieiino- 
meters. 

The most convement thermometer dqiends upon the 
thermal expansion of substances, especial^ liqmds How- 
ever, it IS unfortunately found that, if two thermometos 
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partially filled with different liquids are calibrated at the 
melting-point of ice and the boihng-pomt of water, the scale 
intermediate between these points on each thermometer 
bemg graduated into the same number of equal parts, the 
thermometers do not m general mdicate the same scale 
readmg when both are at some mtermediate temperature 

If, instead of being filled with liquid, the thermometers 
are filled with different gases, the scale indications agree 
much more closely at all temperatures regardless of the 
chemical composition of the gas employed All gases, if 
at a constant small pressure, so that they are under ideal 
conditions, expand 1/2 732 of their volume between the 
melting-pomt of ice and the boiling-pomt of water This 
mterval is 100° Centigrade, and therefore TC may be 
defined, m terms of an ideal gas thermometer, as the 
temperature change over which the volume of an ideal gas 
(at constant pressure) changes 1/273 2 of its volume at 0°C 
This temperature scale is identical with the thermodynamic 
temperature scale based on the Second Law of Thermo- 
dynamics 

In 1887 the International Committee of Weights and 
Measures specified the standard thermometric scale as that 
of the constant volume hydrogen thermometer, the hydro- 
gen being at an imtial temperature of 0° C and at a pres- 
sure of 1,000 mm of mercury, measured at sea-level and 
latitude 4S° 

The first thermometer, invented by Gahleo about 1595, 
was filled with air, using water or alcohol as an mdicator 
only A few years later the first liquid expansion thermo- 
meter was developed, the fillmg of the bulb being wine, 
and by the middle of the seventeenth century hermeucally 
sealed thermometers usmg mercury as the thermometric 
substance were m existence 

While the mercury-in-glass thermometer is of extensive 
use m laboratory work on account of the wide range of 
temperature over which it may be employed, viz approxi- 
mately — 40°C to -1-550° C, and also the extreme 
accuracy obtamable in the measurement of small tempera- 
ture differences as with the Beckmann type, nevertheless its 
fragility and the necessity of the scale beingclose to the point 
of temperature measurement restrict its utility m industnal 
practice, except for checkmg purposes, and for readmgs of 
an occasional nature 

To fulfil the need for an instrument capable of (a) robust 
construction, (fi) being read at a point remote from the 
pomt of measurement, and (c) bemg used for continuous 
recording, a thermometer has been developed comprising 
a metal bulb connected by a fine capillary tube to a Bourdon 
tube, the whole being filled with mercury or other suit- 
able liquid, or with a gas The thermal expansion of the 
liquid or gas m the bulb, which is exposed to the tempera- 
ture under mvestigation, supplies the pressure to deflect the 
Bourdon tube in such a way that a pomter coupled thereto 
IS moved over a calibrated scale Alternatively the system 
may be only partially filled with a smtable liquid from which 
the vapour fills the remamder of the system In this type of 
instrument the vapour pressure varying with temperature 
actuates the pomter through the medium of the Bourdon 
tube, as m the case of the liquid- or gas-filled type 

The hqmd-filled thermometers are sometimes deqorm- 
nated Class I instruments, the vapour-pressure type 
thermometers as Class II mstruments, and the gas-filM 
thermometers as Class III instruments 

The capillary tubing used to connect the Bourdon tube 
to the bulb must be of exceedmgly fine bore m order that 
its volume should be small m proportion to the volume of 
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the bulb, otherwise changes in the ambient temperature 
(i e the temperature of equipment other than the bulb) 
may appreciably upset the accuracy of the instrument, par- 
ticularly when the temperature being measured is low and 
large fluctuations are liable to occur in the atmospheric tem- 
perature This error which theoretically does not occur 
with vapour-pressure type thermometers is termed capillary 
error, and may be compensated for m a variety of ways 
By usmg fine-bore tubmg of internal diameters as low as 
0 005 in , thereby decreasing the volume of fluid out- 
side the bulb Further diminution of this error is obtamed 
by the use of a flattened-type Bourdon tube and the use of 
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‘ Compensated Capillanes’ such asareusedbyNegrettiand 
Zambia m their mercuiy-m-steel thermometers and illus- 
trated m Figs 1 and 2 By this means the capillaiy error 
may be reduced, for example, to 0 2% of the scale range 
of 50-250” F for an 18° F change m the ambient tem- 
perature using a capillary 24 ft long 

Another method of accomplishmg the same end is by 
the use of a compensatmg element comprismg a balancing 
length of capillary tubmg and compensatmg Bourdon tube 
which are exposed to the same change m ambient tempera- 
ture, and bemg without a bulb merely serve to reset the 
indicating or rccordmg element and act as an automatic 
zero-setting device This type of compensation has been 
adopted by the Foxboro Company m their ‘Anti-ambi’ 
instrument Changes m the ambient temperature will also 
cause errors if only one Bourdon tube is employed, due to 
variations m the elasticity of the Bourdon tulw material 
This error may be overcome by means of a bimetallic 
compensaung coil forming an extension of the innermost 
turns of the Bourdon tube This form of compensation is 
generally employed tvhen the case and tubing are at a 
umform temperature 

A further source of error m thermometers is thermo- 
metric lag which results in a high reading with falling 
temperatures and a low with rising temperatures Quef 
among the factors upon which this phenomenon depends 
are 

1 The rate of heat transmission from the outside 
medium to the outside wall of the bulb This can be 
improved by the production of turbulence round the 
bulb and by having the largest possible outside area 
of contact in relation to the volume of the contents 

2 Conductivity and heat capacity of the bulb matenal 

3 Conductivity and heat capacity of the thermometnc 
substance 

Factors 2 and 3 require high conductivity for the bulb 
material and thermometric substance with low specific heat 
m both instances In addition, the size of the bulb should 
be as small as possible to reduce lag This is opposed, 
however, to the necessity for havmg the bulb volume 
large m comparison with the capacity of the capillary 
tubmg and Bourdon tube so that a balance must be struck 
in design 

Limitations and Comparative Merits of the Varions 

Classes of Thermometers. 

Class I. Liquid-fllled IVpe. The liquids commonly used 
as thermometnc substances ate 

Mercury for ranges —40° to H 1,200° F 
Alcohol .. -1S5° 260° F 

Ether „ +70° „ 195° F 

Xylene , -40° 750° F 

Paraffin base oil soln „ 400° F 

This class IS subject to capillary error, which may be mmi- 
mized as described above, also to thermometnc lag m 
greater degree than the Class III gas-filled type owing to 
the higher specific heat, mass, and thermal conducUvity of 
the thermometnc substances used Mercury-filled thermo- 
meters usually have smaller thermometnc lag than those 
filled with the other hquids because, although the specific 
heats are comparable, mercury has a much higher thermal 
conductivity than the other hquids 

Owing to liquids bemg practically mcompiessible the 
operating force of Class I instruments is very high, so that 


the Bourdon tube and gauge in general may be made robust 
and of relatively low sensitivity 
In the vapour-filled and gas-filled types of thermometers 
the Bourdon tube is used as a pressure gauge, whereas m 
the liquid-filled type it is essentially a volume-measuring 
device, liquids being comparatively incompressible, and 
any sniall variation in the pressure exerted on the mercury 
does not appreciably alter the accuracy of its deflections 
Consequently hysteresis error or lag, such as is exhibited by 
Qass II and Class III instruments, whereby nsmg tempera- 
tures are indicated low and falling temperatures high, is 
likely to be a fault of comparatively negligible magnitude 
m Class I instruments 

Class II Vapour-pressure Type. Vaporizing liquids 
commonly used as thermometnc substances are 

Alcohol for ranges 150 to 390° F 

Fthcr „ 50 ., 350° F 

Sulphur dioxide,, ,,-20 ., +250° F 
Owing to the fact that the vapour pressure of a liquid is 
not a straight-hne function of temperature, but is a curve of 
increasing slope with rising temperature, the gauge on this 
class of thermometer must be calibrated with a non-uniform 
scale having close intervals at the lower temperatures 
changing progressively to open intervals with rising tem- 
perature This restricts the range for which the scale 
may be calibrated since, if it is only just sensitive enough 
m the upper ranges, it may be too msensitive in the 
lower ranges 

One advantage of this class of thermometer over the 
other two classes is that although not entirely free from 
capillary error, owing to the difficulty m making the vapour 
space absolutely air or gas free, the permissible length of 
capillary tubing is somewhat greater than with Class 1 
and III instruments The thermometnc lag may also be 
less owmg to the improved thermal conductivity of a 
vaponzing or condensmg liquid 
On the other hand, the pressure changes available for 
operabng the indicating or recording element are small, and 
the gauge must be of more sensitive construction than the 
Class I type 

Furthermore, it must be calibrated for the bulb and 
mdicator in the same rclaUve position as in the final instal- 
lation in order to obtain accurate results, although actually 
this correction may be comparatively small Changes in 
barometric pressure are liable to affect the accuracy of this 
class of thermometer As a class, this type of instrument is 
parucularly suitable where the lower temperature readings 
are unimportant, but where close readings must be obtained 
at the working portion of the chart 
Class m. Gas-filled Type. The gases commonly used 
as thermometnc substances in this class of thermometer 
are mtrogen and hydrogen which are charged under pres- 
sure Since an ‘ideal’ gas at constant volume for 1°C 
temperature rise increases in pressure 1/273 of its pressure 
at 0° C , in order to obtam a greater operating force in 
the Bourdon tube, which m uncoiling operates the mdicat- 
mg mechanism, the thermometer is filled with the gas at 
pressures up to 100 atmospheres 
As indicated above, an ‘ideal’ gas would give a perfectly 
uniform scale of calibration, and mtrogen and hydrogen 
approach this ideal condition reasonably closely. 

With this class of thermometer the hmiting factor is not 
the thermometnc substance, but the matenal of which the 
bulb IS composed At high temperatures the bulb may 
soften and become porotis. By choosing appropriate 
materials for the bulb this class of thermometer may be 
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used over a temperature range of —130 to 600° C As 
previously explained, this type of thermometer is subject to 
capillary error which diminishes with increasing ratio of 
the capacity of the bulb in relation to the capacity of the 
capillary tube and Bourdon tube 
Owmg to the high pressures at which gas-filled instru- 
ments are usually charged, changes m barometric pressure 
are unlikely to have any appreciable effect on the accuracy 
of the instrument For example, a change of i in in the 
barometer theoretically affects the temperature indication 
in a Class III instrument charged at 100 atm pressure, even 
at the highest temperature for which this class is employed, 
less than C , and this error is compensated for in the 
design of the instrument Furthermore, as the instrument is 
entirely filled with the thermometric substance no appreci- 
able error results should the position m use differ from the 
position at calibration 

Mechanical Features of Group (A) Instruments 
Bulbs The type of bulb selected should be suited to the 
particular circumstances in which it is to be used, as one 
standard form of bulb will not give the best results in all 
applications Consequently, accuracy can only be assured 
by giving consideration to the conditions of radiation, 
conduction, and convection to which it will be subjected 
These in turn must be correlated with the type of thermo- 
metric substance to be used Furthermore, the medium 
surrounding the bulb must be taken into account and 
special precautions taken should this be corrosive in 
character Bulbs may be obtained in copper, brass, lead, 
steel, and monel metal and may also be plated with 
chromium, tin, nickel, silver, &c 
Plain bulbs arc used where they may be directly suspended 
m open tanks, ventilating ducts, combustion chambers, &c 
Specially designed bulbs, with screw unions, are available 
for screwing into pipelines, tanks, and vessels under pres- 
sure or vacuum where a rigid pressure-tight coupling is 
desired Both these and the plain bulbs may be arranged 
with bendable extension necks to suit confined spaces 
A particularly interesting development is the 'capillary 
bulb’, which IS designed to obtain maximum responsivity, 
for the measurement of atmospheric temperatures The 
length of the bulb is greatly mcreased and the diameter 
reduced so that the bulbs can be strung across ducts or 
flues to obtain a representative record covering the entire 
area When used as a component of a vapour-pressure 
type instrument capillary bulbs will measure a temperature 
which is above the arithmetic average along the bulb and 
approach the maximum or hot-spot temperature 
Capillary Connecting Tubing. The capillary connecting 
tubing IS generally fabneated of copper or steel suitably 
covered Examples of typical coverings available, and of 
the circumstances for which they are particularly suitable, 
are given below 

Flexible Bronze Sheathing with Asbestos Packing 
Impervious to oil and moisture, standing com- 
paratively high temperatures without failure Should 
not be handled excessively 

Rubber-covered Woven Fabric Hose over Flexible Bronze 
Sheathing, also Moulded-rubber Covered Flexible 
Bronze Sheathing Suitable for corrosive fumes 
Plain Copper Sheathing Suitable for repeated handhng 
PUnn Steel Sheathing Useful where tubing will be sub- 
jected to caustic or other substances corrosive to 
copper 


Flexible Galvanized Steel Sheathing Suitable for humid 
caustic conditions corrosive to copper 

Plain Lead Sheathing Suitable for use in acid and other 
severe conditions 

Aluminium Sheathing Suitable for use in refinery fumes 
combined with sea air 

Bourdon Tube. Several modifications of the Bourdon 
tube are in use In general principle, however, they are 
ahke in that, as is essential, the internal volume is reduced 
to a minimum by flattening the tube upon itself as m 
Figs 2 and 3 

Certain manufacturers modify the plam section of the 
tube m the manner shown on Fig 2 so as to relieve the 
stresses set up on expansion This reduces the possibihty 
of fracture resulting from faUgue which occurs with 
repeated dilation Made of bronze or steel the tube may 
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be in a single convolution or, it of multiple convolutions, 
either in the form of a spiral or helix 

A typical Bourdon tube, in this case of the spiral type, 
IS shown in Fig 4 This has two continuous coils, each of 
several turns, both ends being situated near the centre of 
the coil 

One end is fixed and leads to the capillary, the other end, 
which is closed, is attached to a small bimetallic coil which 
forms a continuation of the Bourdon coil and compensates 
for changes m its temperature This small coil is attached 
directly to the pointer spindle or pen arm An increase 
in temperature causes the pressure or volume of fluid 
inside the capillary and Bourdon to increase The latter 
undergoes an increase m its sectional area, the coil becommg 
to a small extent less flattened m form, which alteration 
in turn causes it to unwind 

Owing to the special formation of the tube, the pomter 
would thus be caused to rotate truly about its axis even if 
no bearings were provided for its spindle Actually, 
bearings are generally provided to steady the pointer 
against vibration, but the fnetion loss involved is practically 
negligible 

An alternative type of arrangement is shown in Fig 5 
In this instance the Bourdon tube is of one convolution, 
although several turns formmg a helix may be employed 
In order to obtain radial pointer deflection, the movement 
of the free end of the tube is transferred through a rack and 
pimon movement 

At the free end of the tube is a trough C in which the ball 
end D of the segmentary rack B is free to move As the 
tube A uncoils it releases the ball end D which is forced to 
follow m contact with trough C by the tension of the hair- 
spnng E on the pinion F which is m mesh with the seg- 
mentary rack B The pointer is fastened to the end of pimon 
F and is deflected a definite amount proportionate to the 
movement of the free end of the tube A As the moving 
power for the pointer, which is of specially light construc- 
tion, IS obtamed from the released hair-spring there is no 
lost motion This ball and trough design gives umform 
mulUplication, and by avoiding angularity makes possible 
the use of duplicate standard dials 
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The Brown Instrument Company arrange for calibration 
being effected by means of a micrometer adjustmg screw 
which varies the length of the arm through which the helical 
Bourdon tube rotates the pen shaft 
A typical distant indicating thermometer is shown m 
Fig 6 In the recording instrument the dial IS replaced by a 
graduated chart which may be of the circular or strip type 
The rotatmg chart holder, or cylinders in the case of the 
strip chart, may be operated by clockwork or by means of 
a synchronous motor The chart is divided into hourly 
parts with subdivisions so that the recorded temperature at 
any time of the day may be obtamed In the recorder the 
mdicator pointer is replaced by a pen 
Specially prepared charts are available for humid 
tropical conditions In addition the cases can be made air 
and moisture proof, and the air inside the case dried by 
providing containers holding a supply of calcium chloride 
or similar hygroscopic material 

Group (B). Resistance Thermometers. 

The electrical resisunce thermometer is suitable for 
measuring temperatures from —300° to +1,000° F This 
group of mstruments is especially convement for measurmg 
temperatures below 300° F At such temperatures thermo- 
electric pyrometers, such as are described m Group (O, arc 
not desirable because of the low electromotive force gene- 
rated by the thermocouple The same instrument can be 
applied to measure both high and low temperatures with 
equal accuracy 

Furthermore, the electneal resistance thermometer is 
capable of much wider application than the Group (A) 
instruments desenbed above, as it may be used for the 
observation, recording, or controlling of temperatures at a 
considerably greater distance Accurate readmgs are obtam- 
able at a disunce of half a mile 
A further advantage of this type of instrument over those 
m Group (A) is that it is particularly suitable for mulU- 
pomt recording or controlImg,‘and can be used to register 
on one instrument, located at a convement position, the 
temperatures which exist at a large number of scattered 
pomts The accuracy of the readmgs is quite unaffected 
by the distances between the point of measurement and the 
indicator In addition the average of a number of tempera- 
tures, existing for example m a bmlding, can be measured 
by installing, at various points, elements which are suitably 
coupled together 

Operatiiig Pnnclple. In this group of thermometers the 
known variation of the electneal resistance of metals with 
changing temperature is employed as a means of measur- 
ing temperature Platmum, nickel, and copper are most 
generally used for this purpose Taking plaunum as an 
example, an approximation to the relationship between the 
electric resistance at a temperature ti and a temperature ti 
is given by the equation 

R, = Ri[l +o£(f,- ti)] ohms, (1) 

where R, is the resistance at temperature /„ 

R. 

ot IS the resistance-temperature coefficient at ti 
This equation gives only small errors at low temperatures, 
but the maccuracy increases with rising temperature 
A truer relationship is the parabolic expression 

R( = R«(l+a/+)9/*), (2) 

where Ri is the resistance at temperature r, Rt the resistance 


at 0° C , and a. and jS are constants The shape of the curve 
representing the above relationship enables the sensitive 
element to be calibrated against three standard tempera- 
tures, e g melting-point of ice, boilmg-point of water, and 
boihng-pomt of sulphur, all at atmospheric pressure 

The sensitive element is formed of a coil of fine wire, the 
resistance of which depends upon the temperature bemg 
measured This coil, which is wound on a suitable former, 
IS enclosed m a tube or casing, the material of which 
depends upon the temperatures at which the element is to 
be employed and the specific protection it requires both 
chemically and mechanically 

The measurement of the resistance of the element is 
effected by means of a form of Wheatstone bridge, and m 
the early days the actual resistance was determined, and 
translated afterwards to temperature by calculation or 
reference to a graph In the early instruments the unknown 
resistance of the element was manually balanced Referring 
to Fig 7, a battery B was connected to the ternunals a 
and 6 of a parallel connexion contaming three known 
adjustable resistances Ri, Rj, and R„ and the unknown 
resistance R^, a galvanometer being coimected between 
c and d 

The galvonometer consists essentially of a light coil of 
fine wire suspended between the poles of a permanent 
magnet 



The resistances Rx, R„ and R( were adjusted until no 
oirrent flowed through the galvanometer and Rx was 
calculated, from the known values of Ri, R|, and R| 
This IS known as the ‘null’ or balanced-bridge type of 
measurement 

Later the Wheatstone bridge was arranged with a bridge 
wire upon which a contact was adjusted to vary the resis- 
tance on either side of the bridge until the galvonometer 
showed the pomt of balance The temperature was read 
duvet upon a scale associated with the bridge wire This 
balanced-bndge operauon still called for manual operation 
which proved a stumblmg-block m the way of the general 
use of the balanced-bndge type of instrument until the 
advent of the automatic self-balancing type, sudi as the 
Leeds & Northrup Micromax instrument desenbed later 
under Temperature Recorders. 
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The unbalanced-bndge method is commonly used In 
this the ‘out of balance’ current through the galvanometer 
IS used to mdicate the temperature The arrangement of 
the Wheatstone bridge is therefore generally as indicated 
m Fig 8 

Hi, Rt, R», and are fixed resistances, of material with 
small change of resistance with temperature 
Re IS a variable resistance or rheostat 
Rx IS the element, of unknown resistance 
When the bridge is in balance the deflection of the 
galvanometer is zero, but as the resistance of the element 
increases or decreases with change in temperature, current 


Ri 



flows through the galvanometer causmg it to deflect The 
deflection is read directly in terms of temperature The 
arrangement shown m Fig 7 has two hmitations to its 
accuracy 

(a) Variations in the battery voltage which affect the 
galvanometer deflexion 

(A) Variations in the resistance of the cable connecting 
the sensitive element Rx, due to changes m the 
ambient temperature, will affect the galvanometer 
deflection In Fig 8 it will be seen that a triple cable 
IS used to connect the element into the circuit A con- 
nexion IS made to both sides of the bridge, so 
arranged that there is an equal amount of cable re- 
sistance on each side, and consequently any change 
m the resistance of the cable due to atmospheric 
temperature change does not affect the balance of 
the bridge 

Variations in the battery voltage may be checked from 
day to day in the followmg way Rj and Rt are made as coils 
of equal resistance Coils R| and R 4 are made equal to the 
resistance of the element Rx at the highest and lowest 
temperatures for which the instrument is graduated By 
means of a switch the sensitive element Rg is disconnected 
and Rt connected. The rheostat R| is adjusted imtil the 
galvanometer reading is at the lowest graduation The 
checking or ‘standardization’ of the measuring mstrument 
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may be effected as in the Electrofio instruments by employ- 
ing a magnetic shunt in place of the rheostat whi^ is liable 
to contact troubles This shunt consists of an iron yoke, 
the position of which in relation to the magnet poles is 
varied by hand as required, thus altenng the distribution 
of magnetic flux and the movement of the coil relative to 
the galvanometer scale Hand adjustment is eliminated in 
the arrangement of the Foster electric resistance thermo- 
meter shown in Fig 9 The galvanometer is arranged with 
a control coil C which functions so that the mdications are 
independent of change in the battery voltage The force 
limiting the deflection of the galvanometer pomter is due to 



the control coil C A fall in the battery voltage would, 
therefore, reduce in the same proportion and at the same 
tune the deflectmg force due to the galvanometer coil and 
the controlling force due to coil C In order to keep the 
bridge m balance a small coil R 4 is added in the opposite 
arm of the bridge to balance the control coil C 

Resistances in the bndge are made high m comparison 
with the resistance of the connexions to the sensitive ele- 
ment, so that changes in the ambient temperature have no 
appreciable effect on the battery current 

It is common pracbee for instrument makers to provide 
a sensitive clement such that, as the temperature mcreases 
from 0 to 100° C the element resistance mcreases by, say, 
10 ohms This is called a 10-ohm fundamental interval 
If closer readmgs are required, the fundamental mterval 
IS increased to, say, 20 ohms, m which case the scale 
interval is halved, but whereas with the 10 -ohm funda- 
mental interval the temperature may be read to a smgle 
degree, with the double resistance the temperature may be 
read to i degree 

Sensitive Elements. The sensitive elements for normal 
temperatures, eg up to 360° C , usually consist of fine pure 
luckel wire wound on a bobbm or other support which 
ehminates risk of deformation m service Above 360° C 
platmum wire mounted on a refractory bobbm, of such 
material as steatite, is used. For example, the platmum 
wire may be wound in a thread cut on a steatite former 
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which IS reinforced or stiffened by heavy internal wires 
The whole is then coated with a ceramic gla2e to protect it 
against contamination 

Electric Cuirent Supply. Resistance thermometers 
require to be provided with an external supply of low- 
tension current This may be obtamed either from an 
accumulator or from a dry cell Where accumulators are 
used two are generally provided so that one may be charg- 
ing while the other is in use, tnckle<hargmg from either 
ac ordc mains being commonly employed for renewing 
the charge in the stand-by accumulator 

General Note on Resishuice Thermometers. An accuracy 
of plus or mmus 1® F , or even better, under uidustnal 
conditions, can be obtained with this type of instrument 
Furthermore, although considerably more expensive as a 
single point mdicator than a corresponding liquid filled 
instrument, for reading a multiplicity of temperatures it 
may be eventually cheaper to employ this type of thermo- 
meter For example, should it be necessary to obtain read- 
mgs of temperatures at a dozen points, this may be easily 
and sunply effected by switching the connexions from the 
sensitive elements, one after another, to a single indicator 
or recorder This system, which can be made automatic, 
is hmited only by the frequency with which the temperature 
at each point must be read, and is considerably cheaper than 
a series of single, double, treble, or quadruple pomt hquid- 
filled thermometers to give an equal number of readmgs 

Moreover, this type of instrument has the great advan- 
toge that the indicator or recorder may be located up to 
eight or nine hundred yards from the sensitive element 
without impairing the accuracy of the temperature measure- 
ment The advantages of this type of mstrument for the 
measurement of temperatures may be summarized as 
follows 

(1) It is capable of measurmg distant temperatures 

(2) It can measure temperatures at a large number of 
points, or the average thereof 

(3) No cold junctions are required 

(4) The bulbs are small and extremely sensitive 

(5) High resistance ensures accuracy under varying 
ambient conditions 

(6) No trouble from gas or liquid leaks 

(7) Battery deterioration cannot detract from accuracy 

Mechanical Arrangement of Moving Cods in Indicating 

or Recording Instruments. It is obvious that the mechanical 
arrangement of the moving coil is of great importance as 
far as the suitabibty of the instrument to mdustnal condi> 
tions IS concerned It must be so mounted that it is sensi- 
Lve to extremely small changes m the current flowing 
through It The coil is generally fitted with finely pomted 
pivots operating in jewelled bearings Should the instru- 
ment, as may often occur m transit or m industrial use, be 
subjected to vibration or jamng, unless carefully designed 
the pivots and bearings may be momentardy separated and 
m returning mto position strike one agauist another This 
would blunt the needle-fine pivot points causing them to 
acquire a greatly increased beanng surface with consequent 
loss in sensitivity, or would damage the highly polished 
jewel surfaces Various methods are used to prevent this 
such as supporting the two jewel bearings resdiently on 
springs from the main body of the instrument but rigidly 
mounted with respect to each other Alternatively the 
magnetic field of the permanent magnet is used instead 
of springs by supportmg the jewel beanngs on light iron 
armatures. 


In one design the magnetic field m which the cod moves 
IS established between poles of a permanent magnet and a 
cylmdneal iron core The coil carrying the current, by 
means of which the measurement is made, swings m aimu- 
lar space round the core and between it and the magnet 
poles The cod is fitted usually with two opposed intumed 
pivots which rest in two conical jewels mounted at either 
end of a very light staff This staff is passed through the 
axis of the cylindncal core and is held in position relative 
thereto by means of light spnngs Any jolt of the instru- 
ment will, therefore, move the whole system of coil, pivots, 
jewels, and staff so that the possible separation of the jewels 
and pivots is obviated In this design the weight of the 
pointer, which is attached to the coil and moves over the 
calibrated temperature scale, is counterbalanced by mount- 
ing the cod in a slightly eccentric position relative to the 
axis of the staff, final adjustment of balance being obtained 
by means of a small sliding weight on the pointer arm 
This construction avoids the use of a counterweight tad 
and counterweight, thus enabling the weight of the whole 
moving system to be so reduced that the instrument may 
still preserve sensitivity although the controlling forces 
may be small 

Sensitivity to extremely small controlling forces is 
especially necessary m the case of thermo-electric pyro- 
meters such as arc described below 

Group (C). Thermo-electric Pyrometers. 

The basic principle underlying thermo-electric pyro- 
metry was discovered by Seebeck in 1821, when he found 
that if in a closed circuit consisting of two dissimilar metals 
the two junctions are at different temperatures an electric 
current will flow in the circuit, the electromotive force of 
which depends upon the difference in temperature of the 
junctions 

The e m f developed is very small, usually of the order 
of tens of millivolts Thus it is possible to calibrate a 
miUivoltmeler m terms of this temperature difference 
Essentially the meter measures, not the temperature of the 
hot junction located at the point where the unknown 
temperature exists, but the difference of temperature 
between the two junctions Should, therefore, the cold 
junction temperature be known (generally it is kept con- 
stant) the system provides a means of dcterminmg the 
temperature of a heated object by reckomng upwards from 
the cold junction temperature by a temperature mterval 
equivalent to the generated e m f In practice, therefore, an 
industrial pyrometer of this group consists essentially of 

(1) A thermocouple consistmg of two wires of dissimilar 
metals, either pure or alloys, fused together at one 
end, the hot junction 

(2) A millivoltmeter or potentiometer 

(3) Cables or wues to connect the other ends of the 
two wires, or cold junction, of the thermocouple to 
the millivoltmeter or potentiometer 

(4) Means of measuring the cold junction temperature, 
or of maintaining it manually or automati^ly at a 
predetermined value 

Thermocouples An ideal thermocouple possesses the 
following properties 

(a) A large electromotive force for umt-temperatute 
difference 

(h) Strength and ruggedness consistent with econrany in 
cost 

(c) Constant electro-potential characteristics. 
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(<0 Electromotive force generated m direct proportion 
to the difference of the terminal temperatures 

The wu«s used in thermocouples may be composed 
either of noble or base metals or their alloys, and the 
following table summarizes the characteristics of ^ose most 
commonly employed 


Maximum | Approx rmf 



metal iron ' constantan 760 41 7 milhvolta 

„ mchromc i constantan 760 57 2 

, „ ' nickcl-aluminium 1 000 39 7 



* Tendency to volatilize at higher temperatures 


Generated e m f s may be converted to temperature by 
various formulae, but each of these is only accurate over 
a limited temperature range A typical formula is 

E a-\-bt+ct\ (3) 

where £ is the c m t measured in millivolts, 

t the temperature of the hot junction in “ C , 
the cold junction being at 0° C , 
a, b, and i are constants the values of which depend upon 
the metals which form the thermocouple 

Tables are available which give the e m f for every 
degree over the working temperature range for all the well- 
recognizcd pairs of metals used for thermocouples, and 
these tables are more satisfactory for practical use than 
empirical formulae It will be noted from the above table 
that, although the noble metal thermocouples are the only 
ones which may be used for very high temperatures, the 
e m f generated is considerably lower than is given by the 
base metal thermocouples The most sensitive type of milli- 
voltmeter or potentiometer is therefore required for the 
former On account of expense the noble metal thermo- 
couples are made up of fine wire which mvolves high resis- 
tance and consequent low current carrying capacity The 
use of high internal resistance in the meters in order to 
n un imize the effect of changing temperature along the con- 
ductmg wires mcreases the necessity for employing a movmg- 
coil system in the meter of the lightest and most sensitive 
type obtainable Base metal pyrometers, on the other hand, 
teing relatively cheap may be made up in thicker low- 
resistance wire, and are capable of generatmg a considerably 
more powerful operatmg force They may, therefore, be 
used in conjunction with a relatively heavy moving-coil 
system 

All thermocouples must be calibrated before use, but 
even so, dependmg upon their composition and the condi- 
tions under which they are used, they depart more or less 
rapidly from then original calibration and must be checked 
periodically against a standard If base metal couples are 
used at high temperatures, the necessity will anse for fre- 
quent lecahbration This is due to changes in the metal 
structure and to the development of heterogemcity 

For moderate temperatures, below the upper hmit for 
base metal thermocouples, the choice between noble metal 
and base metal thermocouples will be decided by the follow- 
mg factors 


(a) The importance of continued accuracy 
lb) The nature of the medium surroundmg the thermo- 
couple 
fc) The cost 

Noble metal couples are liable to contamination in 
reducing atmospheres, and iron/constantan couples in 
oxidizing atmospheres 

Mechanical Design of Thermocouples In order to pro- 
tect thermocouples against contamination, they are fitted, 
except for low temperatures, with protective covermgs The 
wires are first insulated by means of single or double hole 
silica or porcelain tubes Over this is fitted a silica or porce- 
lain tube closed at the hot junction end which protects the 
couple against contamination Covering this is an addi- 
tional outer sheath, frequently of metal This outer sheath 
IS to protect the inner one mechamcally agamst breakage 
In the case of high temperatures or particularly corrosive 
atmospheres it may be necessary to have the outer sheath 
also of porcelam or silica The inner and outer sheaths are 
usually fitted into a gas-tight terminal head to which the 
leads or connecting wires are attached This head is really 
the cold junction 

Cold Junction Temperature Correction As the magnitude 
of the e m f developed by a thermocouple is determined 
by the difference of the terminal temperatures the cold end 
IS generally maintained at a known temperature Alter- 
natively the necessary correction must be made manually, 
automatically, or calculated Irom accurate temperature 
readings taken at the cold end of the thermocouple 
In the case of base metal couples this correction amounts 
to practically the same number of degrees as the cold 
junction temperature differs from the zero, and approxi- 
mately one-half of this value in the case of noble metal 
thermocouples 

Many pyrometers are equipped with zero adjusters for 
the manual correction of the pomter position to compen- 
sate for the cold end change but, as this is usually constantly 
varying, this adjustment is not of great use To over- 
come this difficulty some form of automatic adjustment is 
generally fitted This, in certain cases, takes the form of 
a thermostatic bimetallic spiral or hehx, the deflection of 
which IS directly proportional to the change in temperature 
of the surroundmg medium It is, therefore, very suitable 
for moving the control spring, thereby correctmg the 
pointer position A bimetallic spiral is us^ in this way by 
the Brown Instrument Company If the temperature of 
the instrument, which is that of the cold junction when 
compensating leads are used, rises from, say, 75 to 100° F , 
tiw spiral uncoils sufficiently to move the pointer upscale 
the equivalent of 25° F 

Compensating Leads. Such a device as the bimetalhc 
spiral referred to above provides a compensation within the 
instrument for the difference between the temperature of 
the atmosphere surroundmg the instrument and 0° C at 
which the millivoltmeter is caUbrated By connectmg the 
head of the thermocouple to the instrument with compen- 
sabng leads formed of the same metals as the thermocouple, 
or of metals having the same thermo-electric characteristics, 
the cold junction is in efiect transferred to the pomt where 
the leads join the instrument The combination of such 
leads with a thermostatic compensator provides complete 
automatic cold junction compensation 
In cases where a considerable number of thermocouples 
are m use, and it is important for accurate temperature 
readings to be obtained, it has been found advantageous 
to extend all thermocouples by means of compensating leads 



INSTRUMENTS AND METERS 


to a common centrally located thermostat which maintains 
all the cold junctions at a constant temperature, thus 
enablmg a constant correction to be made and reducmg 
cost by permitting all leads from the thermostat to the 
recorders to be of ordinary copper wire This arrangement 
obviates the need for automatic compensation m the 
instrument itself 

This scheme is capable of several modifications, for 
example, the thermocouples may be extended by means of 
compensatmg leads to a junction box Also connected mto 
this junction box is a couple made up of one set of addi- 
tional compensating leads — the junction of which is buried 
at a sufficient depth underground to give a reasonably con- 
stant (within 5° F ) cold junction temperature throughout 
the year This becomes a compensating couple, the hot 
junction temperature of which corresponds to the cold 
junction of the thermocouples The compensatmg couple 
IS arranged m senes between the instrument and the 
selector switch (if such is used), and sets up m opposition to 
that of the thermocouple a back e m f which varies with 
the cold juncuon temperature of the thermocouple This 
method may be used where the cost of runnmg compensat- 
ing leads to a central instrument is too expensive, smoe all 
leads from the junction box to the instrument may be of 
ordinary copper wire 

In the Wilson-Meulan potentiometer pyrometers made 
by the Foxboro Company the resistances in the Wheatstone 
bridge of the instrument are made of metals having a 
neghgible thermo-electric coefficient The fourth resistance, 
which IS located at the cold junction (compensating leads 
bemg brought from the thermocouple to the mstrument), 
IS constructed as a nickel coil having a high thermo- 
electric coefficient The electrical resistance of this coil, 
therefore, vanes with the cold junction temperature, and 
permits a varymg and compensating current to flow from 
the bridge battery to the galvanometer to correct the couple 
emf In the Leeds & Northrup potentiometer pyro- 
meter a nickel coil is also used for the same purpose This 
may be located at the instrument when compensatmg leads 
are used, or alternatively at the cold junction should this be 
some distance from the measurmg mstrument 

Meters. For measurmg the c m f set up by a thermo- 
couple two types of meters are available, viz 

(a) MiUivoltmeters 

(b) Potentiometers 

MiUivoltmeters Potentiometers measure only the e m f 
existmg at the pomt of reference or cold junction, whereas 
milhvoltmeteis are affected by hne resistance and must be 
calibrated for a defimte value MiUivoltmeters are there- 
fore hable to maccuracies arismg from such factors as 
conosion, loose contacts, or temperature change Dus 
objection is overcome, however, by using miUivoltmeters 
with high internal resistance so ^t the error arising from 
changes m line resistance are reduced to a mmunum 

Potentiometers This type of instrument is generally con- 
sidered the most accurate which is available for measurmg 
the electromotive force set up by a thermocouple It 
provides a means for obtammg a known variable po- 
tential, and suitable electrical connexions for connectmg 
It m opposihon to the unknown electromoUve force of the 
thermocouple So long as one is stronger than the other 
a current will flow throu^ the thermocouple, when they 
are equal no cunent wiU flow 

Fig. 10 shows a sunple potentiometer circmt A dry cell 
B supplies a constant flow of current through the shde-wire 


resistance C-D For each posiUon of the slider F there 
exists a rfffinitc difiercnce of potenUal between the points 
C and F The circuit, containing a galvanometer G and 


Variable F Battery B 

Rheostat 1 / 

\, I / 



Fib 10 Simple potentiometer circuit 


a thermocouple M, is connected to the points C and F 
In this circmt the potential difference between C and F is 
opposed by the e m f of the thermocouple By moving the 
shder Fthe potenUal diflerence between C and Fean be so 
adjusted that it will exactly balance the e m f of the thermo- 
couple and the galvanometer will be undeflected This is 
known as the zero balance or null method In pracUce a 
scale IS associated with the shde wire which is calibrated 
to mdicate m terms of e m f the posiUon of the slider 
Alternatively it may be calibrated to read, with smtable 
compensation, directly m terms of the temperature of the 
hot junction of the thermocouple The mill method em- 
ploys the galvanometer merely as a current detector The 
galvanometer is therefore uncalibrated, and as it does not 
require to be confined to the lunits of any temperature scale 
It can be given the greatest possible sensitivity and greatest 
deflection per degree of temperature This feature of the 
potenuometer method of temperature measurement is dis- 
tinctly advantageous for automaUc control where detection 
and reaction with the slightest temperature cbaoge'is essen- 
tial for close control Furthermore, the galvanometer, being 
uncahbrated, may be replaced without upsetUng the accu- 
nicy of temperature measurement 
In Fig 10 5 C IS a standard cell whose voltage is 
constant. It is connected to the potentiometer circmt at 
pomts C and /f by closing the contact (shown betwem 
S C and the galvanometo-) whenever the potentiometer 
current is to be standardized The galvanometo’ is thm m 
senes with S C The vanable rheostat A is then acfjusted 
until the galvanometer is balanced, and m this way die 
currmt flowmg m the shde wire CD is standardized. 
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Instead of employing the null method, m certain instru- 
ments the galvanometer defiecUon is used to mdicate the 
extent to which the potentiometer is unbalanced 

Switches. Switches are employed to connect thermo- 
couples in rotation to a single indicator or multi-pomt 
recorder For indicating purposes a switchboard of the 
plug-m type similar to a manual telephone switchboard is 
used, or dtematively a rotaiy switch in which the contactor 
arm is moved from one contact stud to another For use 
with a multi-point recorder electrically driven commutator 
type switches are commonly employed 

The number of pyrometers which may be coupled by 
means of a mechanical selector switch to a recorder depends 
largely upon the stabihty of the temperatures bemg mea- 
sured and the necessity or otherwise of a short interval 
record Under favourable circumstances, mechamcal 
switching of this type may be used for the recording of 16 
to 20 temperatures 

It is essential that such rotary switches be moisture and 
dust proof, particularly when used m conjuncUon with a 
millivoltmcter instrument Where parallel operation of 
a recorder and indicator is adopted it is advisable to in- 
stall cut-out switches which interrupt the moving-coiI 
circuit of the recorder and mcidentally all records of the 
thermocouples while the indicator is being read This is 
particularly useful to eliminate errors due to parallel opera- 
tion when high-resistance noble metal couples are. used 

Optical Pyrometers This type of mstrument is used for 
the measurement of instantaneous temperatures above 
750° C (1,382° F), and is particularly suited for the 
investigation of the temperatures of small hot bodies at a 
comparauvely long working distance dictated by the rela- 
tive inaccessibihty of the hot body Its operation mvolves 
the comparison of the intensity of light radiated by the hot 
body with that emitted by a calibrated filament This instru- 
ment IS known as the ‘disappearing filament’ pyrometer 

The optical pyrometer consists in its essentiak of the 
following Items 

(а) A telescope through which the heated object is 
viewed 

(б) A lamp bulb, havmg a heated filament to emit light 
the intensity of which can be compared with that 
emitted from the heated object 

(c) A rheostat to vary the current passing to the lamp 
bulb 

(d) A milhammeter or nullivoltmeter to measure the cur- 
rent passing to the lamp bulb, complete with an 
indicator, the scale of which is generally graduated 
directly in terms of temperature 

(e) An electrical accumulator to supply the current 

For work of moderate accuracy the voltage drop across 

the lamp is used as a measure of the temperature 

For more accurate work the Wheatstone bridge 
pnnciple is resorted to, using a milliammeter as the bndge 
galvanometer The circuit in this mstance is shown m 
Fig 11 

The resistances A, C, and D are so arranged that no 
current flows throuj^ the milhammeter when the current 
flowing throu^ the lamp filament is that required to heat 
the filament to a temperature correspondmg to the lowest 
end of the scale. For measurmg higher temperatures over 
the range of the scale the rheostat is adjusted so that 
the current flowing through the lamp filament is progres- 
sively greater As the t«nperature of the filament rises its 
resistance mcreases, and tte other resistances A, C, and D 


bemg made of material which does not alter its resistance 
with change in the amount of current flowing, the bndge is 
thrown out of balance, with the result that as more current 
flows through the filament a corresponding increase takes 
place m the flow through the milhammeter, the pomter of 
which deflects to readings up the scale 



In order to avoid the calibration of the instrument bemg 
upset by changes in the temperature of its surroundmgs a 
slump resistance is included at E and the instrument cah- 
brated with this in position This slump resistance is of 
sufficient magnitude to ensure that changes in the tempera- 
ture of the mstrument do not appreciably aflect its read- 
ings The arrangement described above is typical of that 
employed in the Foster Instrument Company’s 'Lamp- 
bndge Umt’ 

As previously stated, a telescopic arrangement is adopted 
in this type of mstrument, the opbeal system bemg as illus- 
trated m Fig 12 



Fio 12 OpUcal system of hot 


The lamp filament is viewed through the eyepiece which 
IS adjusted so that the filament is sharply focused The 
objecbve lens is moved until the hot body is seen m the 
same field of view with the filament supenmposed on it. 
The rheostat is then adjusted until the filament just fades 
out against the hot body (i e is neither more brilliant nor 
darker m appearance, but merges completely), and the 
milhammeter or miUivoltmeter is read directly m tempera- 
ture A monochromatic red glass screen mserted m front 
of the eyepiece lens prevents dazzle at temperatures above 
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1,500° F, and also obviates colour differences For 
exceedingly high temperatures, above 2,600° F at which 
the life of the filament would be reduced, or its cabbration 
be impaired, an absorbing glass screen is inserted between 
the filament and the objective lens so that the filament is 
compared with a reduced intensity of light emitted by the 
hot body Thus the highest temperatures can be measured 
with a suitably calibrated mstrument without danger of 
overheating the filament A special high-tcmperature scale 
IS provided for use when the absorbent screen is in use An 
accuracy within 5° C at a temperature of 1,200“ C may 
be cxpe^ed of an instrument of this class when dealmg 
with black body radiation, as, for example, when a surface 
inside a furnace is viewed through a comparatively small 
aperture In the open, where the surface may be illuminated 


Wfl/ 

Body 
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Mirror 

Fic 13 Diagrammatic arrangement of radiation pyrometer 


from outside, correction factors are necessary In the case 
of a stream of molten steel at approximately 1,400° C so 
flowing that any oxide fprmed is rapidly broken up and 
does not affect the reading, positive correction of approxi- 
mately 7% is found necessary to give an accurate result, 
sumlarly a stream of molten copper at approximately 
1,200° C m the open will give a pyrometer readmg about 
16% low 

Radiation Pyrometers This class of instrument may be 
used either to read or record the temperatures of hot bodies 
from about 950° F upwards Compared with an optical 
pyrometer it has a shorter working distance and is not so 
suitable for taking the temperatures of small hot surfaces 
It requires, however, a shorter time to take a readmg, about 
IS sec mstead of 30, and has the advantage of bemg suit- 
able for continuous reading or automatic recording 
In pnnciple a proportion of the radiant heat emitted from 
the hot body is flowed to fall upon a muror which focuses 
It on the hot junction of a very small thermocouple, thus 
generating an electromotive force which is detected in a 
similar way to that employed in the thermo-electric pyro- 
meters described above 

The Stefan-Boltzmann law is an expression of the fact 
that the total energy radiated per unit area from any hot 
body which behaves as if it were one hundred per cent 
‘black’ IS directly proportional to the fourth power of the 
absolute temperature of the body, i e 

Q = (4) 

where q = energy radiated per unit of time per unit area 
of body, 

Ti — absolute temperature of hot body 
Actually, in determimng the net energy received by the 
pyrometer the above equation should also be applied to 
the instrument which is simultaneously radiating energy 
The net radiation received by the instrument may be 
expressed as 

q = k(Ti-Tt), (5) 

where J# is the absolute temperature of the receivmg 
instrument However, as To is neghgible compared with 


Ti the former term may be dropped m practice Then 
companng the energy received by the radiation pyrometer 
at two temperatures 71 and T, we get 


9l- 

6 . 


( 6 ) 


and m accordance with this relationship radiation pyro- 
meters arc calibrated This results in a very open scale at 
the higher temperatures, since the energy received nses 
very rapidly with increase m temperature of the hot body 

In the same way as light radiations can be focused by a 
concave mirror or convex lens, so can invisible heat radia- 
tions be focused, as, for example in the use of the ‘bummg 
glass’ to concentrate the heat rays from the sun This 
method of concentratmg heat rays enables a radiation 
pyrometer of convement size to be made 

The radiation pyrometer, therefore, consists of such an 
arrangement as IS shown in Fig 13 

ABCD IS a tube having a fixed aperture AD at one end 
The heat rays, from the surface of the hot body delimited 
in elevation by ZY, are allowed to pass into the tube by 
pomting the aperture at the hot surface The heat rays pass 
to the closed end of the tube where they are intercepted by 
a concave mirror and concentrated on a thermocouple 
placed at the focus of the mirror 

So long as the hot body fills the extended cone of vision 
AXD the operation of the instrument is independent of 
the distance between the hot body and the mstrument In 
practice this is ensured by the stipulation of a maximum 
working distance which is a fixed multiple (usually 10 or 
12) of the smallest cross-sectional dimension of the hot 
body For working distances less than this the cone of 
vision IS completely filled Alternatively, with certain 
instruments the object may be focused to ensure that the 
cone of vision is filled 

The thermocouple cold junction ends are attached to an 
electric circuit comprising a connecting cable and miUi- 
voltmetcr 

As noted above, the Stefan-Boltzmann law is only 
stnctly applicable to true ‘black’ body radiation, i e from 
a body devoid of reflecting power Any hot body m a recess 
deeper than times the width of the opening is essentially 
under these conditions, and readings taken under such 
conditions will not be more than i % out at 1 ,000° C This 
condition generally holds in the case of a furnace viewed 
through an inspection door In the open the error may be 
very much greater, but as the heat given out from a hot 
body bears a definite relation to its temperature a coirec- 
Uon factor can be arrived at for any set of constant condi- 
tions which will enable the process temperature to be 
checked accurately at intervals as required for control of 
the process 


The Measurement of Pressure 
The measurement of the static pressure of fluids may be 
earned out by means of a variety of mstruments and can 
be expressed in a great variety of units All units, however, 
basically refer to the height of a column of liquid which 
would produce at its base the pressure m question For 
example, the pressure of the atmosphere is most commonly 
measured m terms of the height of the mercuiy column 
which it will mamtam against a Torricellian vacuum The 
density of mercuiy bemg known, the standard atmospheric 
pressure, chosen as 760 mm of mercuiy column, may be 
expressed as 14 7 lb per sq m In industrial work pressures 
above this value are commonly measured upwards from 
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or gas with which the coil is in contact, and also depending 
upon the pressure range 

In order to avoid possible binding of the coils a helical 
arrangement of the tube is frequently adopted, the tube 
being formed in a flat cross-section similar to that described 
above as used with liquid-fllled thermometers 
For low pressure or vacuum conditions a bellows arrange- 
ment, such as IS used in an aneroid barometer, is sometimes 
adopted The actuating movement consists of a series of 
metal diaphragms built up in the form of a bellows The 
straight-line movement of the free side of the bellows, 
with varying pressure, is converted into rotary movement 
and transmitted by levers to the shaft carrying the pointer 
or pen For the measurement of absolute pressure two 



hiG 14 Kenetometer vacuum gauge 


accuracy of this type of instrument which is of a fragile bellows are arranged m opposition to provide a compensat- 

nature (usually mercury-m-glass) for the greater ruggedness ing action for varying atmospheric pressure One bellows 

and strength of the Bourdon tube type of gauge Under is connected to the pressure to be measured, the other is 

certain circumstances, however, the advisability of havmg evacuated and sealed If the absolute pressure m the 

an instrumentwhich does not age or require frequent check- measuring bellows remains constant and the barometnc 

mg to ensure close accuracy results in the barometric type pressure mcreases, this bellows will tend to contract The 

holding Its own Such circumstances arise, for example, m sealed bellows will also contract, however, and, acting m 

the case of a vacuum-distilhngumt where even if Bourdon opposition to the measuring bellows, will mamtain the 

tube type vacuum gauges are employed it is advisable to indicator stationary Mechanical gauges of these types 

have a reference instrument of the barometric type The should be periodically checked and calibrated, as owmg 

Kenetometer as illustrated m Fig 14 and made by Brady to fatigue of metals, &c , they tend to lose calibration 

& Martm Ltd is typical of the class of instrument available . , 

formdustrialuse Differential Manometers. 

Mechanical Type of Pressure Gauge. The Bourdon tube It is frequently necessary to measure the difference 
type of instrument consists essentially of a tube wound m between two pressures This may be done, of course, by 

die form of a coil havmg a flxed open end and movable employing two gauges as described above, one for each 

closed end, which with increase in internal pressure tends pressure, and subtracting the readmgs, after correction if 
to uncoil or expand, and with decrease in mtemal pressure necessary 

tends to coil or contract, the movement of the closed end However, for very small differences m pressure resort is 
bong used to operate a pomter moving over a calibrated made to liquid-filled manometers of the U-tube type For 

scale Sudi gauges may be used to measure all ranges of example, the liquid-filled U-tube is widely adopted for 

pressure. The coils may be made of bronze or steel, dep«id- measunng the differential pressure across the ordioe of a 

mg upon the corrosive characteristics of the hquid, vapour, flow meter 


this standard pressure as datum hne, and ate known as 
gauge pressures, although for scientific work it is often 
more convement to refer to the absolute pressure which 
incliideg the standard atmospheric pressure and which in 
effect actually refers back to the mercury column which 
can be supported by the pressure against a vacuum For 
sub-atmosphenc pressures the absolute system of measure- 
ment IS also preferable 

Pressure and Vacuum Gauges. 

Barometric Type For the measurement of pressures 
above or below atmospheric pressure the most accurate 
mstrument is of the barometnc type Generally in mdus- 
trial practice it is found advisable to sacrifice the high 
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The difference in pressure between the two limbs of the 
U-tube causes a rise of liquid in one and fall m the other, 
the difference in level representing the difference m pressure 

Multiplying Gauges. 

A variation of the ordinary manometer is the inclmed 
tube pressure gauge used for measurmg furnace draught 
which IS sub-atmospheric The draught draws the liquid 
(water, kerosine, or other light liquid) upwards through an 
inclined glass tube from a reservoir The inclination of the 
tube at 5 to 10° from the horizontal gives a multiplymg 
effect, so that for an inch change in the water pressure the 
movement of hquid in the tube may be 7 or 10 inches 
Such mstruments m industrial use are fitted with zero- 
adjustmg screws for the scale or reservoir, drain-plugs and 
other facilities 


AND METERS 

In a secUon of the pipe XY an orifice plate P is mserted 
having an orifice area considerably smaller than the cross- 
sectional area of the pipe At a distance approximately 
0 8 pipe diameters on the upstream side of the plate the 
Imes of flow of the liquid flowmg through the pipe just 
start to converge, and the velocity of the fluid starts to rise 
This convergence of lines of flow, and rise in velocity, con- 
tmues until the fluid has passed through the orifice. The 
mcreasc m velocity and velocity head is accompamed by 
a corresponding fall m static head as shown m the graph 
above the pipe In this graph the ordinates may be taken 
to represent the heights of the columns of fluid representmg 
the static heads at various pomts m the path of the fluid 
After passing through the orifice the lines of flow conUnue 
to converge, reaching greatest contraction at a pomt about 
04 pipe diameters downstream from the orifice plate 



Another type of draught gauge consists essentially of an 
arm opeiatmg over a fulcrum, havmg at one end a bell in- 
verted over and dippmg mto a trough of water At the 
other end a counterweight is also suspended partially sub- 
merged in the water Weighted pendulums are arranged 
on either side of the fulcrum Extendmg into the air space 
of the bell and reaching above the surface of the water is 
the draught tube. An mcrease of draught causes the air 
inside the bell to dimmish , the water to rise, and the bell 
to sink until the pull is counterbalanced by the pull of the 
pendulum weights A pomter attached to the end of 
the arm moves over a calibrated scale from which the 
draught may be read The Bailey draught gauge shown m 
Fig. IS is of this type 

Hw Measurement of the Flow of Fluids 
Two very important classes of instruments for the 
measurement of the flow of hqmds and gases depend upon 
the conversion of static or pressure head to velocity head 
These are (a) orifice meters and flow nozzles, (h) Ventun 
meters 

Onfioe meters employ an orifice plate inserted m the 
conduit to bring about this conversion of heads A dia- 
grammatic arrangement of this device is shown m Fig 16 


ITiereafter they diverge, but more gradually than m the 
corresponding convergence on the upstream side These 
distances are based on the pipe above and below the onfice 
being straight for at least S times the diameter of the orifice 
The velocity head is the pressure difference, expressed m 
head of the flowing fluid, which is required to accelerate 
the fluid to the given velocity from rest The prmaple 
governing the measurement of flow m this way is given by 
Bemouilh’s theorem which is a mathematical expression of 
the pnnciple of the conservation of energy By equatmg 
the kmetic energy of the fluid at the given velocity to the 
fall m potential energy due to the drop m pressure neces- 
sary to give It this velocity the expression for file veloaty 
he^ is simply derived, namely. 



where U is the hnear velocity and g is the acceleration due 
to gravity 

In the practical measurement of flow the vdoaty is cal- 
culated on the area of the onfice or the throat of the nozzle 
or Ventun meter In the case of an onfioe meter the pres- 
sure difference actually measured corresponds more nearly 
to the veloaty head at the pomt of minimum cross-section 
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of the stream which is considerably smaller than the orihce 
Itself In the case of nozzles and Venturi meters the effect 
of fnctional losses have to be allowed for, and in all cases 
when the area of the constriction is not very much smaller 
than the area of the pipe the effect of the initial velocity of 
the fluid in the pipe has to be allowed for also 
This is done by means of an empirical coefficient C, 
introduced into equation (7) which is usually rearranged 
as follows 

U = CV{2gAA} (8) 

For a sharp-edged orifice m a thin plate fitted into a pipe 
more than about 5 times the diameter of the orifice the 
value of this coefficient is approximately 0 60, but the exact 
value depends on many circumstances which are more fully 
discussed elsewhere (See articles on ‘ Metering of Gases' 
byH S Bean, the ‘Principles of Practical Orifice Metering’ 
by E S L l^ale, also the ‘Principles and Practice of 
Flowmeter Engineering’ by L K Spink ) For a smoothly 
rounded orifice or nozzle, or a Venturi meter, the value 
IS very nearly 1 0, usually about 0 98 

Flow Meters (Orifice Type). 

An industrial orifice type flow meter consists essentially 
of the following components 
(a) An orifice plate inserted in the pipe conveying the 
fluid 

(A) A differential gauge complete with indicating or 
recording device, to read or record on a calibrated 
scale or chart the flow as derived from the differential 
static pressure set up by the orifice plate 
(c) Piping to couple the differential gauge to the pressure 
tappings on the pipe 

The orifice plate is inserted between flanges m the pipe 
and IS very accurately drilled to give a sharp-edged onhee, 
generally of such diameter that the differential pressure in 
inches of water docs not exceed twice the absolute static 
pressure expressed in pounds per square inch 
The differential gauge is usually of the simple U-tube 
type with certain elaborations Typical of the normal 
U-tube design is the Foxboro instrument, the operation of 
which IS illustrated in Fig 17 
The differential pressure created in the pipe by the orifice 
IS transmitted by a column of fluid to the differential 
chambers, sediment and/or, vapour traps in the connecting 
piping being employed to keep the meter free from dirt or 
vapours 

A steel float rests on the surface of the mercury in the 
upstream chamber, and its motion is transmitted to the 
segmental lever which operates the pointer or pen arm 
through a pressure-tight tearing Check floats, located in 
each of the legs of the piping coupling the bases of the 
differential chambers, prevent the mercury being blown 
from the instrument by a sudden surge in flow, or over- 
loading of the instrument For comparatively low static 
pressures the chambers are usually made of seamless mild 
steel, while for pressure above 1,0(X) lb per sq in static 
pressure forged-steel chambers are used The design of the 
pressure-tight bearing m which the spindle operating the 
pomter or pen works is of importance as it must be suffici- 
ently tight to ensure no loss of pressure and yet free enough 
to avoid mterference with the sensitivity of the instrument 
It is further important that there be no lost motion in the 
mechamsm transfemng the motion of the float, and advan- 
tageous that equal displacements of the float throughout 
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the ranges of operation result in equal movements of the 
pointer or pen in order that the graduations on the scale 
or chart be uniform 

The Amencan Meter Company and Geo Kent Ltd 
employ a similar design of manometer, but the motion of 
the float IS transmitted to the pointer or pen spindle direct 
by a hinged lever arm connecting the float to the spindle of 
the pen 



surface of the mercury m the upstream chamber being trans- 
mitted mechanically to the pointer or pen, it is trans- 
mitted by an electro-magnetic relay system as illustrated 
in Fig 18 As in the Foxboro instrument described above, 
the float carries a spindle In this case, however, the 
spindle takes the form of a magnetic armature which, as the 
float IS displaced, moves up or down withm a non-magnetic 
tube Located around this tube is a divided inductance 
coil which IS supplied with a c current, and the ratio of the 
voltages across the two sections of the coil is governed by 
the position of the float and the armature attached thereto 
Inside the mdicatmg or recording section of the instru- 
ment IS a counterbalanced armature suspended within a 


m 
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sinular divided coil This armature is controlled by the 
electro-magneUc forces imposed upon it by the coils which 
are connected in the same electrical circuit as the mano- 
meter coils The manometer armature is held in position 



Fio 18 

by the mercury-operated float, and the instrument armature 
moves in synchronism with it so that the ratio of volta^ 
across the two sections of the two divided coih arc 
equalized, and the electro-magnetic forces in the indicator 
or recordmg section are balanced The movement of a 
counterweight arm in sympathy with the instrument arma- 
ture operates a geared section which in turn engages with 
a gear wheel on the pointer or pen spindle 

Another system, while employing a simple U-tubc type 
manometer, discards the use of a float on top of the 
mercury The method of operation is shown in Figs 19 
and 20 

The low-pressure leg of the mercury U-tubc contains a 
resistance-element chamber and oil-cooled internal resis- 
tance element When there is flow in the pipe the mercury 
level IS depressed in the high-pressure chamber and raised 
in the resistance-element chamber 

The rise of the mercury in the contact chamber makes 
contact with the ends of a series of rods of varying length, 
which at the other end are connected to the electrical 
circuit at points intermediate between a corresponding 
number of resistances arranged in series In establishing 
or breaking contact these resistances are cut out of or 
mto the circuit, thus regulating the flow of current through 
the circuit which includes the annular mercury container 
and the mercury itself The resistance element is so made 
that the variation m conductance is always directly pro- 
portional to the flow of fluid in the pipe The current 
IS suitably indicated or recorded by an instrument of the 
ammeter type which may be calibrated directly in terms 
of the flow By proper proportioning of the lengths of 
the rods the necessary allowance for the square root 
relationship between differential pressure and rate of flow 
may be made, so that the recorder or indicator scale is 
uniform 

An example of direct magnetic coupling between the 


manometer and the indicating device is the Bailey Indicat- 
ing Flow Meter illustrated m Fig 21 
The differential manometer consists of a mercury- 
filled U-tubc m which the differential pressure produced 
by the orifice is balanced by the 
lall of the mercury in the centre 
tube and the rise in the two side 
legs An iron ball, which floats on 
the surface of the mercury, varies 
in position with the differential pres- 
sure Around the tubes, which are 
made of non-magnetic material, is 
a U-shaped magnet which follows 
the ball The magnet is carried at 
one end of a beam supported on 
knife edges, and thus actuates a 
pointer which travels over a scale 
graduated in terms of the rate of 
flow of the fluid The Kent mer- 
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curial magnetic manometer operates on the same prmciple 
and IS similar in arrangement 

Floating Bell Type Differential Manometer. 

The floating bell design involves m efifect a U-tube in 
which the two legs are concentric, the inner leg being sealed 



sure correspondmg to the first appreciable rate of flow is 
very small, but is brought to bear over the maximum area 
of the bell, forcing it upwards As the bell rises its walls 
emerge from the mercury, changing the buoyant force until 
this exactly counterbalances the upward force due to diflcr- 
entul pressure This design ensures power at low rates of 
flow, and permits the use of a uniform chart 

Of a somewhat similar design is the Foxboro Bell Type 
Meter for low-pressure gas-flow measurement In this 
case a large diameter bell is suspended inside the outer 
chamber by means of a calibrated spring The low- 
pressure side of the orifice is connected to the inner bell 
compartment, the higher upstream pressure being con- 
nected to the outer chamber The motion of the bell 
IS transmitted to the pen spindle by means of a seg- 
mental lever as in the Foxboro flow meter previously 
described 

In the Brown Low Range Manometer, which is used for 
the measurement of the flow of gases only, a bell design is 
adopted The interior of the bell is connected to the up- 
stream pressure and the chamber to the downstream The 
top of the bell carries a vertical non-magnetic rod, at the 
top of which IS an armature surrounded by a split induc- 
tance coil forming part of an electro-magnetic relay system 


at the top to form a belt which with varying differential 
pressure floats higher or lower in the outer leg, thus replac- 
ing the float used m the plain U-tube design 

As employed m the Bailey fluid meter it takes the form 
shown in Fig 22 

The upstream prcssuic is connected to the interior of 
the inner mercury-scaled leg known as the Ledoux bell, 
and the lower downstream pressure to the outer chamber 
The movement of the bell upwards or downwards in re- 
sponse to changes in the differential 
pressure is transmitted directly to 
the pen spindle by means of a 
forked lever hinged directly to the 
top of the bell Fig 23 illustrates 
the theory underlying the specially 
designed shape of the bell which is 
weighted and is of large diameter 
at the top and narrows towards the 
bottom Owing to the square root 
relationship between the velocity 
and the differential pressure the 
head available to operate the bell at 
10% of the normal flow is only 
about 1 "G of the head at normal 
flow In order to produce a motion 
of the bell duectly proportional to 
the rate of flow the bell in addition 
to bemg specially shaped as regards 
cross-section has thm walls at the 
bottom and thick at the top In 
zero position the bell is held almost 
completely submerged so that the 
large effective area and thm wall 
are at the surface of the mercury 
The increment of differential pres- 



Fig 21 Bailey indicating flow meter 
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to the indicating or recording section of the instrument 
similar to that described above in the Brown Eiectnc 
Flow Meter 
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Flow Nozdes. 

' For very high rates of flow which would require an 
orifice greater than three-quarters the diameter of Uie pipe, 
flow nozzles are used in place of orifice plates on account 
of inaccuracies which would arise due to irregularities m 
the pipe Fig 24 shows diagrammatically a flow nozzle 
installed in a pipeline The nozzle is in effect a carefully 
machmed throat 

Straightening Vanes. 

To obtain the most accurate results when using an orifice 
meter it is necessary that the lines of flow of the fluid be 
parallel as they approach the orifice To bring about this 
condition a straightening vane is used, generally consisting 
of a nest of small-diameter tubes fitted inside the pipe and 
located m a pipe nipple at a distance of about 6 pipe 
diameters on the upstream side of the orifice 

Venturi Meters. 

In the standard orifice the velocity head which has been 
created by the orifice from an equivalent static head is 
largely lost as internal friction and impact owing to the 
sudden enlargement m the cross-section of flow This means 
a permanent loss of much of the observed differential 
pressure, which is in some cases a serious disadvantage 
to the use of an onfice meter In such cases recourse is 
frequently had to a Venturi tube which has the great 
advantage that the permanent reduction m the stauc pres- 
sure IS only about 12% of the manometer reading 

Fig 25 shows a Kent Ventun tube The outstanding 
difference between this type of device and an orifice plate 
IS that the contraction and enlargement of the cross-section 


of flow IS effected gradually Usually the throat is lined 
with bronze and is very accurately bored and finely 
fimshed to a calculated diameter generally between 4 to j 
the upstream diameter For very high pressure recoveries 
the length of the throat should not exceed 1 throat 
diameter, and the total divergence of the tapered sides 
should not exceed an angle of 25” on the upstream side and 
7“ on the downstream side 

The basic equation for the Venturi tube, derived from 
Bemouilli's theorem, is 

~Cyl{ZgU} 

Although very successful when measuring water and gas 
flow, the Venturi tube is unsatisfactory for viscous liquids 

TTie Pitot Tube 

The Pitot tube measures the velocity head of the fluid 
at one particular point in the cross-section of the pipe- 
line, and if the velocity distribution is known the rate of 
flow can then be calculated The arrangement consists of 
a small bore tube inserted into the pipeline with its open 
end facing directly upstream to measure the impact pres- 
sure while the static pressure at the same pomt is measured 
by an opening in the wall of the pipe in the same plane 
The Pitot tube measures the velocity head as defined above 
and V actual = ^{2gAh}, where AA is expressed in terms 
of head of the fluid bemg measured 

There arc various practical modifications to this arrange- 
ment. one of which is shown diagrammatically in Fig 26 
in which two tubes are inserted into the pipe pointing up- 
and downstream, thus increasing the pressure difference 
above the theoretical velocity head In such cases the 
particular arrangement has to be calibrated 

The Pitot tube is of advantage where the velocity is high 
and the static pressure low, since it involves no appreciable 
loss m static head It is useful for exploration purposes in 
plant already installed, but in view of the variation in 
velocity from the wall to the centre of a pipe it is advisable 
in such work to average the readings from a large number 
of observations taken across the full pipe diameter The 
instrument itself causes deflexion of the fluid stream which 
tends to interfere with the accurate determination of the 
sutic pressure For this purpose it is of advantage to 
employ a Piezometer ring, which averages the pressures 
from four static openings equally spaced round the pipe 
in perpendicular plane Pitot tubes are not recommended 
for use with liquids containing foreign material or dirt, as 
the openings are small and easily choked 

Piping and Accessories to Manometers. 

An orifice should, if possible, be installed in the pipe- 
line with a straight unobstructed upstream length of pipe 
equal at least to 8 times the pipe diameter and a straight 
unobstructed downstream length of pipe equivalent to 
6 tunes the pipe diameter For gas measurement the 
American Gas Association specifies an average of 12 pipe 
diameters on the upstream and 8 on the downstream, of 
straight unobstructed pipe The following desirable condi- 
tions should be considered in locating a manometer equable 
temperature, not below freezmg and not above 100° F , 
freedom from vibration and reasonable accessibihty The 
best level of the manometer with reference to the pipe varies 
with the fluid being measured. For example, when measur- 
mg steam or water, any air which enters the connecting 
tubing will return to the flow pipe if the manometer is 
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installed below the level of the line On the other hand, 
if the manometer is installed above the pipe when measur- 
ing a moisture-laden gas or air, any condensate in the 
connecting tubing will run back into the flow pipe In 
general, precautions must be taken to avoid air or gas 
locks in the connecting tubing when measuring liquids, 
and liquid locks when measuring gas or air Arrange- 
ments must also be made to prevent corrosive liquids or 
gases from coming into contact with the mercury by using 
a buffer liquid, and to prevent congealable liquids from 
entering the connecting tubing by using an immiscible buf- 
fer liquid 

For the above purposes vapour and sediment traps, and 
also seal chambers, are inserted m the connecting tubing 
where necessary 

It IS impossible here to go into the many arrangements 
of tubing, traps, and seal chambers devised to meet wide 
variation in conditions, but a number of standard mstalla- 
tionsareshownintheA S M E research publication entitled 
Fluid Meters, their Selection and Installation, 1933 

Other Types of Flow-measuring Instruments. 

Float Meters In the Kent flow indicator the fluid enters 
an outer chamber, passes downwards to the inlet of a 
concentric flow tube which is conical in shape, and presents 
an increasmg cross-section to the fluid rising through it 
The fluid IS discharged into the outlet chamber at the top 

Inside the flow tube is a float which rises to a position 
such that the upward forces acting upon it due to the flow 
ot fluid between it and the wall of the flow tube are balanced 
by the weight of the moving parts A spindle extends down- 
wards from the float into a transparent tube filled with a 
suitable fluid to damp the movement The end of the 
spindle forms an indicator which registers on a scale cali- 
brated in terms of the flow When glass is unsuitable for 
the indicator tube this may be made of a non-magnetic 
metal and the movement of an iron indicator inside the 
instrument followed by a magnet in a similar manner to 
the magnetic indicator coupling previously described for 
certain flow meters The float is so shaped that the flow 
of fluid keeps it in the centre of the tube This is accom- 
plished in some designs by grooving the float in such a way 
that the flow of fluid keeps it spinning This type of instru- 
ment IS reasonably accurate, provided the viscosity of the 
fluid IS not subject to appreciable variation Under favour- 
able conditions it may be accurate to within plus or mmus 
2% for flows down to 1/10 of the maximum flow The 
maximum fluid viscosity for which it is recommended is 10 
tunes that of water 

Thermal Flow Meters. This type of instrument is based 
on the principle of adding by electrical heating to a fluid 
of known specific heat a known amount of energy, which 
IS measured by a wattmeter The temperature of the fluid 
is measured before and after the addition of the heat and 
its quantity thus determined The Thomas meter which 
IS representative of this class actually mamtains a con- 
stant temperature rise between upstream and downstream 
thermometers so that the varying current input required to 
mamtam this temperature difierence is a measure of the 
flow, m terms of which the wattmeter can, therefore, be 
cahbrated In order that the electneal energy consumed 
should not be uneconomic, the two resistance thermo- 
meters which are used to detemune the inlet and outlet 
temperatures are connected to two sides of a Wheat- 
stone bndge so atiiusted that the galvanometer shows no 
deflexion for a 2" F. temperature difference The heatmg 


current is controlled by a balancing device which increases 
the current when the galvanometer deflects due to too low 
a temperature difference, and decreases it for the opposite 
deflexion For the measurement of large volumes of gas 
of practically unvarying composition this type of meter is 
particularly applicable 

Positive Displacement Meters. As used for liquids, dis- 
placement meters usually consist of a body casing with a 
moving element in the form of a disk, or piston which in 
completing a cycle of motion sweeps through a deflmte 
calibrated volume Usually the moving element is made to 
trip a counting device of the tachometer type each time a 
cycle of motion is completed, and the volume of liquid 
passed through the instrument is thus integrated Such 
instruments are, therefore, generally suiUble for measuring 
quantities, but not rates of flow 

In the Kent oil meter the moving element is a rotating 
cyhndrical or elliptical piston which operates in a cylindrical 
working chamber The piston in rotating, alternatively 
covers and uncovers inlet and outlet ports, passing a 
definite volume of liquid at each revolution For the 
measurement of oil such meters are available in standard 
sizes to handle up to 15,000 gal per hr 

Rotary disk meters have the workmg chamber in the 
form of a truncated sphere, the top and bottom of which 
are conical surfaces each having its apex towards the centre 
of the sphere A disk of rubber or other suitable matenal 
IS fitted diametrically across the chamber m such a man- 
ner that the upper surface moves over the upper conical 
face and the lower surface over the lower conical face The 
disk IS pivoted above and below on a hemisphere which fits 
mto hemispherical bearings m the apex of each cone, the 
top hemisphere carrying a shaft which rotates in a circle 
and operates the counting device The liquid enters from 
one side of the chamber under pressure, causes the disk 
to gyrate, and is discharged from the opposite side of the 
chamber 

Helix, Vane, and Turbine Type Meters In the ‘Helix’ or 
‘Spiral’ meter originally developed for boiler-feed service 
and recently successfully adapted for the measurement 
of Diesel oil and light lubricating oils, the flow of liquid 
through the meter drives a set of helically arranged vanes 
fitted to a shaft running parallel to the hne of flow 
The rotation of the shaft is transmitted by a worm drive 
to a vertical shaft and then through a train of gear 
wheels to a countmg mechanism Fixed straightemng vanes 
running parallel with the axis of the pipe are mterposed 
between the inlet and the rotating helical vanes to help to 
reduce eddy currents which might upset the accuracy of the 
instrument This instrument operates with a low-pressure 
loss only of the order of } lb per sq m when delivering at 
the rate of 1,000 gal per mm of water With pressure losses 
up to 10 ft head of water, meters of this type are available 
for capacities up to 20,000 gal per hr For small flows to 
be measured down to 2 gal per hr withm an accuracy of 
±2% a modification of the above is available in the form 
of a roteiy meter (fan type) having plain flat vanes rotating 
round a vertical shaft, the vanes bemg rotated simply by the 
flow of fluid past them The pressure loss is, however, 
considerably higher than with the hehx meter It should 
be noted that m the vane type of instrument the casing does 
not fit closely round the vanes This class of instrument 
must be cahbrated separately for all fluids to be handled 

For the measurement of volumes of water up to 500,000 
gal per hr turbme type meters are also available In a 
successful design of this type of meter the turbme-bladed 
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‘impeller’ rotates in a horizontal plane carrying a vertical 
shaft which operates the counting mechanism The water 
enters the ‘impeller’ flowmg axially downwards and, 
leaving the blades radially, drives the mechamsm TTie 
pressure loss in this type of instrument may be, how- 
ever, 10 times higher than when using the ‘helix’ or 
‘spiral’ type 

Wet and Dry Gas Meters As used for the measurement 
of gas a number of types of positive displacement meters are 
available In the ‘wet’ gas meter a water seal is used, the 
meter being in the form of a cylindrical metal casing in 
which a number of paddles rotate on a horizontal axis These 
paddles are specially shaped to trap a specified volume of 
gas when the water seal is maintained at a predetermined 
level The gas enters the meter through passages at the 
centre, which are caused by the water seal to function as 
valves It 1 $ discharged from these passages into the com- 
partments formed by the paddles extending above water- 
level and, on these in turn being submerged, is forced out 
by the water seal through the opening between the tip of one 
paddle and the next, thus leaving the meter via the space 
between the casing and the paddles This type of gas meter 
IS accurate for the smallest rates of flow, and only becomes 
inaccurate if the flow fluctuates to such an extent as to 
cause surging of the water-level It is, of course, essential 
that the level of the water seal be maintained constant at 
the standard height This type of meter is generally of the 
integrating type, the revolutions of the paddles being 
transferred to a counting mechanism 

In the Westinghouse fluid gas meter a liquid-level is 
again maintained in an essentially cylindrical vessel 
A compartmented chamber m the form of an inverted cup 
dips into the sealing liquid and rotates about a vertical axis 
The gas enters at the base and is distributed to various 
compartments which in rotating arc registered alternatively 
with inlet and outlet ports The differential pressure 
between the inlet and outlet of the meter causes the cham- 
ber to rotate, and after leaving the compartments the gas 
flows upwards and out of the top of the meter casing The 
revolutions of the chamber are transferred to counting 
mechanism which records the integrated flow 

‘ Dry ’ gas meters, such as are generally used for domesUc 
purposes, require no liquid for their operation and less 
supervision than the ‘wet’ type They are, however, appre- 
ciably less accurate 

The meter is actuated by the differential pressure of the 
gas across it For example, if in a gas-supply line in which 
a ‘dry’ gas meter is installed the gas is available at a given 
piessure on the inlet side of the meter, the opening of a 
burner valve on the outlet side causes a lower downstream 
pressure The diflerence in pressure moves a double-acting 
piston, and when the limit of travel of the piston is reached, 
the inlet port is closed by a sliding valve and the outlet port 
IS opened Similarly, the outlet port of the other end of the 
cylinder is closed and the inlet valve opened, the piston 
then reverses its motion The valves are operated from the 
piston by means of a senes of cranks, shafts, and arms 

In actual practice the American Meter Company’s meter 
has four chambers instead of two, and the pistons are 
flexible leather diaphragms attached to a central partition 
This meter is made in sheet steel or cast iron for pressure 
up to 250 lb per sq in and capacities up to 17,500 cu ft 
per hr 

Weir Meters. For the measurement of water m pipelmes 
under pressure the orifice meter or Ventun meter gives 
very accurate results when the mimmum flow does not drop 
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below 10 to 15 % of the normal for any appreciable dura- 
tion of time Where the flow may decrease to 3 or 5% of the 
maximum, however, the V-notch weir meter is particularly 
suitable, especially when the fluid is under very little or no 
pressure Typical of this type of meter is the Bailey weir 
meter The arrangement for indicating or recording the flow 
over the weir is particularly interesting The pen spindle is 
actuated by a b^m resting on a knife edge At either end of 
the beam is a weighted displacer These displacers are exactly 
balanced and just touch the surface of the water at zero- 
level They have equal base areas, but one is conical and 
the other cylindrical As the water-level rises the submerged 
volumes adjust themselves so that the members arc 
balanced In order to do so the cylinder rises and the cone 
sinks This action displaces the beam which rotates the pen 
spindle, the pen or pointer moving over a calibrated scale 
The relative shapes of the displacers are also designed that 
the pen or pointer movement is directly proportional to the 
rate of flow over the weir 

Bulk Measurement of Fluids 

The measurement of gases or liquids in bulk is generally 
carried out m calibrated gas holders or tanks The volumes 
are usually determined by mathematical calculation from 
the shape of the vessel, taking into account, where high 
accuracy is necessary, the deviation of the vessel from the 
basic shape due to structural features such as beams, angles, 
&c , also having regard to the deflexion of the vessel under 
pressure In very large quantities the determination of mass 
IS a matter of serious difficulty owing to the differences in 
temperature, pressure, and consequently density which 
may occur simultaneously in huge volumes of fluid The 
average specific gravity or density is generally determined 
by averaging samples from various points in the vessel 

The Measurement of Liqmd-level. 

In the petroleum industry the measurement of liquid- 
level IS generally accomplished by the use of a float-type 
mechanism, or alternatively by the measurement of the 
correlated hydrostatic pressure, or the diflerential pressure 
existing between the top level and the bottom of the 
liquid 

Float Type This type of instrument is seen in its crudest 
form in storage-tank service, when it may consist merely of 
a float connected, by means of a cable passing over a pulley, 
to a counterweight and indicator registering on a calibrated 
scale The rotation of the pulley may be employed to rotate 
a pointer spindle in an indicator or pen spindle in a recorder 
Alternatively for distant recording the movement of the 
float may be transmitted by an electrical relay system to a 
recorder actuated by electrical impulses set up in the relay 
system by the float movement 

The required rate of discharge of liquid from p system 
frequently depends upon the rate at which the liquid flows 
into a closed receiver For this purpose it is necessary to 
maintain the liquid-level in the receiver within com- 
paratively restricted limits The float-operated indicator is 
widely used for this purpose When there is danger of 
connecting lines being ‘frozen’, as, for example, when 
handlmg very viscous oils or asphalt, the float is preferably 
located inside the tank, its movement being transmitted to 
the outside pointer by the rotation of a spindle in a pressure- 
tight bearing A rugged construction is desirable as it may 
sometimes be advantageous, when in doubt, actually to 
‘feel ’the position of the float by means of the e 
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control or indicator arm For less viscous oils the external 
type of float mechanism is employed The float cage is 
located externally at the average liquid-level to be main- 
tained and is coupled to the receiver by two pipes, one 
entering the receiver below the desired minimum liquid- 
level and the other above the maximum An external 
arm may be fltted with electric switches to operate 
different coloured lights for high, average, and low levels 
and/or may be used to operate a control mechanism 
Liquid-level meters of the float type are also suitable for 
either indicating, recording, or controlling the interface 
surface between two liquids such as oil and water These 
‘Duogravity’ instruments use a specially weighted float, the 
buoyancy of which is adjusted (usually by means of lead 
shot) to that required for interface operation 

Hydrostatic-pressure Liquid-level Meters As shown in 
the section on flow meters, the pressure of a liquid due to 
Its level above a datum-line may be expressed m weight 
per unit area or m height of the column of liquid above the 
datum-level In suitable locations, therefore, a simple 
Bourdon pressure-gauge type instrument fitted to the 
receiver at the datum-level may be used However, it is 
usually desirable to locate the gauge at some distance from 
the point of measurement and at different elevation it is, 
therefore, more convenient to convert the liquid head into 
equivalent air pressure and transmit this pressure to the 
gauge movement In this case the indicator or recorder 
may be located at any convenient position and connected 
by pneumatic piping to a diaphragm box The hydrostatic 
pressure is transferred by the liquid column to a sealing 
liquid which in turn compresses a volume of trapped air on 
the lower side of a diaphragm The diaphragm transmits 
in turn the hydrostatic pressure to the air in the pneumatic 
connexion to the gauge The seal chamber and liquid are 
only necessary if the liquid in the receiver attacks either 
rubber or bronze 

An alternative arrangement operating on the same prin- 
ciple but employing a submerged bell may be employed 
when the rubber diaphragm must be protected from 
chemical action or high liquid temperature 

The transmission of the effect of hydrostatic pressure 
may be also accomplished electrically as in the Elcctroflo 
instrument in which the piping from the datum-level is 
brought to one side of a bellows which, in moving, alters 
the position of an arm on a contact type of resistance, 
thereby altering the conductance of the electric reading 
instrument circuit 

Back-pressure Liquid-level Meters. Back-pressure liquid- 
level meters may be of the continuous or intermittent type 
depending upon whether they arc for recording or indicat- 
ing Both types mvolve the injection at datum-level of air, 
gas, or liquid into the liquid whose level is to be measured — 
the back-pressure on the injection system when flow is 
established being a measure of the liquid-level In practice 
air IS most commonly used for gauging acids, chemicals, 
oils, &c An open-ended pipe is set with the open end at 
datum-level and air injected A gauge on the air-supply 
line measures the back-pressure exerted by the liquid and 
hence the liquid-level 

Differential-pressure Liquid-level Meters By connecting 
piping from the datum-level in the receiver to the high- 
pressure side of any differential manometer of the types 
described above for flow-meter use, and the gas space above 
the highest hquid-level to the low-pressure side, the usual 
flow-meter mechanism can be used for the indicating, 
recordutg, or controlhng of liquid-level 


The Measurement of Specific Gravity 
Gravitometers. 

For Gases For the measurement of the density of gases 
the gravitometer is generally used The principle upon 
which this instrument works is the U-tube prmciplc of 
measuring weights or pressures In a uniform hore U-tube 
having legs of equal length, one of which is filled with the 
gas and the other with air, it is obvious that the force acting 
on a diaphragm placed between the gas and the air is 
haw—hawd, 

in which h is the height of each leg of the U-tube, 
a IS the area of the U-tube cross-section, 
w IS the weight of a unit volume of air, 
d IS the density of the gas relative to air 
Hence the force ^ luiw{\ —d) — k(\—d), where A: = haw 

Thus, provided haw is constant, equal increments of gas 
density will produce equal decrements of force In practice 
a IS kept constant, but as w varies with barometric pressure, 
temperature, humidity, &c , it is necessary to make h vary 
inversely with w As w varies inversely with the volume of 
air due to temperature and pressure, h varies directly with the 
same factor 

In the Simmance Gravitometer as made by Alexander 
Wright & Co , the variation in volume of an enclosed quan- 
tity ol air raises or lowers the tubes which regulate the 
height h This industrial indicator and recorder employs 
what IS in effect the Bell type manometer described in the 
flow-meter section above It consists essentially of 

A balance supporting at one end an aluminium bell 
which forms a gas chamber over the surface of oil m a tank, 
the bell being counterbalanced by a weight at the other end 
of the balance beam The exit standpipe is extended up- 
wards to form a tall ascension pipe through which the gas 
passes to a burner The movement of the bell is indicated 
by the pointer on a calibrated scale, and recorded This 
instrument is provided with a barometnc compensator 
which automatically corrects the height of the ascension 
pipe to allow for changes in density due to barometric 
pressure changes 

Gas enters the instrument at negligible pressure pro- 
duced by a governor, flows through the bell and up the 
ascension tube to the burner The displacement of the air 
originally m the bell causes the balance to tilt more or less 
according to the difference in weight between the column 
of air on the outside of the bell and the column of gas in 
the ascension pipe The barometric compensator consists 
of an air chamber of fixed volume, which is connected by a 
standpipe to a separate counterbalanced bell suspended 
in a water tank The ascension pipe passes through this tank, 
and being telescoped and attached to the bell is raised or 
lowered by the expansion or contraction of the air in the 
chamber operating on this bell 

The Ranarex Gas Density Meter If two fans of equal size 
run at the same speed but in opposite directions, one operat- 
ing on air and the other on a gas of different density, the 
torques exerted by the resulting streams of air and gas 
upon two similarly located paddles of equal size will be 
proportional to the relative densiUes of the air and gas 
This principle is adopted m an instrument made by the 
Permutit Company The paddles are mechanically linked 
and the resultant torque transmitted to an indicator pointer 
or recorder pen 

For Liquids. As applied to liquids the gravitometer 
becomes essentially an automatic hydrometer In the 
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Bailcy gravity meter a similar arrangement is adopted 
to the Bailey draught meter described above, except 
that the movement is ‘drowned’ m a sealed container 
and the bell is replaced by displacers of equal weight 
but greater volume than the counterweights, and the 
pendulum is located at the fulcrum 

For the purpose of illustration, assume the volume of the 
displacers to be x cu cm and that of the counterweights 
to be y cu cm , also that they are located equidistant from 
the fulcrum In water the displacing force is due to x gm 
minus y gm , and the beam is tilted until this force is 
counterbalanced by the potential force of the tilted pendu- 
lum weight In gasoline of specific gravity, say, 0 75, the 
displacing force will only be due to a difference of 0 75 
(x—y) gm , hence a smaller tiltmg of the beam is produced 
by the necessary counterbalancing potential force m the 
pendulum weight 

The pendulum is fitted with an adjustable weight by 
means of which the instrument is calibrated The dis- 
placers are made of flexible material and arc filled with a 
liquid having the same coefficient of thermal expansion as 
the liquid being measured They, therefore, expand or 
contract in sympathy with the liquid passing through the 
meter, thereby automatically compensating for temperature 
changes and making the readings mdependent of tempera- 
ture The pendulum is fitted with a magnet which moves 
in an arc in front of a non-magnetic plate On the other side 
of the casing, which may thus be completely sealed, an 
armature supported from a pivoted beam having its axis 
m line with the displacer beam, follows the magnet in a 
corresponding arc and actuates the pointer or pen arm 

Continuous Gas Analysers. 

Contmuous gas analysers are generally used in industry 
for the determination of the composition of flue gases, 
particularly in terms of CO| and occasionally of CO and 
hydrogen They may be either of the chemical absorption 
type or depend upon the thermal conductivity of the gas 

Chemical Type. A typical CO, recorder of this type 
operates as follows The CO, in a measured volume of the 
gas is absorbed in a solution of caustic potash or soda and 
the residual gas is measured m a fioaung bell A stream of 
water passmg through an injector causes a contmuous 
supply of gas to be withdrawn from the flue connecting- 
pipe The water then passes to a tank containmg a 
gas-sampling chamber 

As soon as the tank is filled the water syphons away and 
in so domg induces a supply of gas to replace the water 
When the water agam rises it forces most of the gas through 
a sealed outlet, but trapsa definitevolume in the gas^ampling 
chamber and sweeps it through to a potash tank m which the 
CO, IS absorbed and the volume of gas proportionally dimi- 
mshed From the potash tank the residual gas passes via a 
standpipe to a water-sealed measurmg bell which is of 
the same volume as that of the origmally entrapped flue 
gas If no gas were absorbed in the potash tank, the bell 
would rise to its full height Residual gas of smaller volume 
raises the bell less, so that the height to which the bell rises 
IS a direct indication of the volume percentage content of 
CO, m the sample This height is indicated or recorded by 
asunplepenmovement, and on the syphonagain discharging 
the old sample m the bell is exhausted The various water 
seals are kept replenished by a constant small stream of 
water The cycle of operations takes 2 to 3 nun to com- 
plete In a similar meter designed to measure carbon 
monoxide content smtable reagents are incorporated to 


change the monoxide to dioxide, the latter being determmed 
as described above, the original volume of CO being 
changed to an equal volume of CO, 

Thermal Conductivity Type The thermal conducUvity 
type of instrument depends upon the fact that the thermal 
conductivity of carbon dioxide is approximately 40% less 
than that of the various gases such as oxygen, nitrogen, 
methane, and carbon monoxide m admixture with which 
it IS generally found, for example, in flue-gas analysis 
Kaye and Laby in their Physical and Chemical Constants 
give the following values, in metric units, for the thermal 
conductivity of these gases 


Hydrogen at 0" C 

Nitrogen 7 C 

Oxygen 7° C 

Air 0 C 

Methane 8° C 

CO , 7“ C 

CO, , o-c 


11 90xl0-‘ 
5 24x10-* 
5 63x10-“ 

5 22x 10-* 

6 47x10 • 
5 10x10-“ 



The application of this principle is generally the follow- 
ing a wire heated by an electric current is placed m a metal 
chamber so designed that all heat losses from the wire are 
rendered negligible with the exception of that conducted 
by the gas between the wire and the walls of the chamber 
The temperature of the gas rises until the heat supplied by 
the current is just balanced by the heat losses from the 
chamber walls, substantially all of which is conducted by 
the gas If the wire used has a high-temperature coefficient 
of electneal resistance, this resistance will have a value 
dependent on the thermal conductivity and, therefore, on 
the composition of the surrounding gas By comparing the 
resistance of two such wires, one of which is surrounded by 
a reference gas and the other by a gas of known composition, 
the instrument can be calibrated In this type of mstrument 
one chamber contains a sealed or flowing reference gas 
such as air, whilst through the other is passed the gas of 
which the CO, content is to be measured 
A Wheatstone bridge circuit is employed consisting of 
four platinum hlaments of equal resistance which arc 
heated by the current from an electrical accumulator This 
current is controlled to a constant value by the rheostat, 
and indicated on the ammeter Two of the platmum fila- 
ments connected on opposite sides of the bndge are 
mounted in a chamber containing sealed reference gas and 
the other two in the chamber through which is passed the 
gas to be analysed If the gases in both chambers are alike, 
the gaseous conductivity to the walls of the chambers 
are equal, the temperature of the filaments reach the same 
valiK, and the bridge remains m balance If the gases 
differ m CO, content, the conductivities differ, the filaments 
attain different temperatures, the resistances change, and 
the bndge becomes unbalanced A current, therefore, flows 
through the meter which is cahbrated in terms of percentage 
of CO, and may be either an mdicator or recorder _ 
Hydrogen is frequently found m flue gas as the n»ult of 
the incomplete combustion of natural gas or of the burning 
of wet coal This may be removed by passmg the flue gas 
over heated copper oxide, when an Orsat determination will 
show the same percentage of CO, as is shown by the thermal 
conductivity CO, meter Owmg to the conductivity of 
hydrogen being approximately 6 times greater than air, 
while that of CO, is only approximately 40% less than air, 

1 % of hydrogen in flue gas will comptoely neutralue m a 
thermal conductivity type meter the ^ect of approximately 
10 to 12% of CO, Unusual behaviour of an electric CO, 
meter may, therefore, be a reliable guide to abnormal 
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combustion conditions Before the gas passes to the electric 
COa meter the entrained moisture and condensate is drained 
off after the removal of soot and other suspended matter 
by a filter It is then dried over calcium chloride and finally 
filtered, for mist or dust removal, before passing to the 
analysis cell On leaving the analysis cell the gas passes 
through an exit water seal, which also serves as indication 
of flow, and thence to a water aspirator which draws the 
gases through the instrument 

Indicating Instniments. 

An indicating instrument consists essentially of the follow- 
ing parts a detector, mechanism for transferring move- 
ment in the detector to a pointer, the pointer itself, and a 
graduated calibrated scale over which the pointer moves 
The position of the pointer with reference to the scale 
determines the value of the variable under investigation 

In the foregoing sections the detectors arc described and 
also the mechanism for transferring the movement to the 
pointer The remainder of an indicating instrument is 
comparable with the hands and dial of a clock 

Recording Instruments. 

Recording instruments differ from indicators in that the 
factor of time is introduced and the value of the variable is 
mechanically and automatically graphed against it This 
IS exceedingly valuable m plant control, and it is rare that 
the additional cost over an indicator is not justified, par- 
ticularly if the variable is of sufficient importance to be 
periodically observed and manually recorded In the 
recorder the scale instead of being a permanent fixture is 
marked on a removable chart and the pointer is replaced 
by a pen which records its position automatically on 
the chart 

When the mechanism which actuates the pen is of a 
powerful character, as, for example, a Bourdon tube, the 
pen may be forced by a spring to rest lightly but con- 
tinuously on the chart and produce an uninterrupted record 
The chart may be of the circular type, of the strip type, or 
of the single drum type 

The mechanism driving the disk, rollers, or drum carry- 
ing the chart may either be of the clockwork or of the 
synchronous electric type for use with alternating current 
Alternatively usmg direct current, an impulse type of clock 
may be incorporated operating in synchronism with a 
master clock Circular charts are marked with equally 
spaced radial arcs representing penods of time, the period 
length depending upon whether the chart is for 24 hours’ 
or 7 days' operation The former is the more usual Concen- 
tric circles represent values of the variable spaced over a 
diameter of 6 to 12 in Strip charts and drum charts have 
longitudinal lines representing the values of the variable 
and transverse lines representing time In order to provide 
open, easily read scales standard charts are available up 
to 12 m wide 

The pens used m recorders are generally of the capillary 
type with a reservoir for the ink supply The pen itself may 
be of glass or pointed with nickel silver, platinum, or other 
corrosion-resisting material The ink is generally composed 
of water, a dye, and alcohol or glycerine 

As paper charts may contract or expand with varying 
humidity of the atmosphere, provision is frequently neces- 
sary to avoid errors arising from this source In the Brown 
instruments, for example, this takes the form of a humidity 
compensator A stnp of paper of the same composition 
as the chart (preferably cut therefrom) is held under tension 
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by a spring When the length of the compensator strip 
changes due to variation in hunudity the movement is 
transmitted by mechanical linkage to the pen or pnnt 
hammer, the linkages being so designed that the movement 
ol the pen position is equal to the change in width of the 
chart up to the point at which the pen is recording In 
exceedingly humid tropical atmosphere it may be necessary 
to enclose the instrument in an air-tight case to avoid the 
excessive friction of the pen on a damp chart In the air- 
tight case may be fitted containers holding hygroscopic 
material 

Where the pen is directly actuated by a galvanometer it is 
frequently impracticable, on account of the slight operating 
forces involved, to maintain the pen in constant contact with 
the chart To obviate this difficulty the pen is depressed 
every lew seconds by a motor-operated depressor bar to give 
a dotted record line, the depressions being at sufficiently 
short intervals to show a substantially contmuous record 
In this type of instrument the pen is usually replaced by 
a pnnt hammer, which, as in a typewriter, prmts the 
record through an inked ribbon 

Mechanism of Sclf-balancing Null Type Potenbometer 
Recorders. In the Brown Null Type Potentiometer Re- 
corder a galvanometer is used to direct the operation of the 
mechanism to rebalance the circuit for each change in 
e m f that is measured There is a motor-driven shaft on 
which are mounted two kidney-shaped cams As these cams 
rotate they cause a selector table to rise mto gentle con- 
tact with the galvanometer pointer On touching the pointer 
the selector table stops and through a shaft, which moves 
with It, gives a definite position to a robust secondary 
pointer This pointer carries an extension which registers 
with the steps in a step lever After the secondary pomter is 
posiboned, further rotation of the motor-dnven shaft allows 
the step lever to drop mto contact with the extension of 
the secondary pointer The pointer extension registers with 
one of three notches on the upper or lower side of the step 
lever, depending upon the position of the secondary 
pointer The aaual notch engaged determines the amount 
of rotation of a gear which readjusts the slide wire contact, 
and simultaneously the pen is moved to the position corre- 
sponding to that of the galvanometer pointer 

In the Leeds & Northrup Micromax balancmg device 
the galvanometer pointer is periodically clamped by a 
motor-driven chopper bar Two vertical sensing fingers 
move inwards to determine the pointer locabon If the 
pointer is displaced from zero centre, one of the fingers 
stops before reaching centre position and the other after 
The position and distances of the fingers off-centre are 
dependent on and proportional to the deflexion of the 
pomter By mechanical Imkagc the fingers m locatmg the 
pointer turn a pivoted clutch lever On moving this lever, 
cork pads thereon are forced by a cam into contact with 
a disk which turns in sympathy, the rotabon being pro- 
porbonal to the displacement of the clutch lever and 
incidentally of the galvanometer pointer The disk drives 
two drums carrymg the two slide wires, the rotation of the 
drums causing the slide wires to move m relation to two 
fixed contracts This takes the place of the hand operabon 
of movable contacts in the manually controlled instrument, 
and the bridge is thus brought mto balance The disk also 
dnves the pen-operating mechatusm and determines the 
posibon of the pen on the recordmg chart When the 
chopper bar is released by the operation of the motor the gal- 
vanometer pointer takes up a new posibon and at the same 
tune the clutch mechanism is relea^d from the disk 
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Controllers and Control Systems 

In the foregoing sections have been described the sensi- 
tive elements, and associated mechanisms used in instru- 
ments for indicating and recording the values of various 
process variables such as temperature, pressure, fluid 
flow, &c The object of automatic control equipment is to 
maintain constant such variables as affect the results of the 
process In most cases suitable automatic control instru- 
ments will accomplish this result with greater accuracy 
than can be achieved by manual control, thus reducing 
the amount of attention required of the operators so that 
other duties may be attended to by them and their number 
reduced Nevertheless, such control equipment must only 
be looked upon as a mechanical assistant to the operator 
It cannot think nor always take into account unusual 
conditions which may arise from factors outside its control 
The operator must, therefore, remain fully responsible and, 
if necessary, make one or two simple adjustments to the 
control equipment to enable it to cope with very unusual 
conditions 

The control of temperature, pressure, liquid-level, &c , 
usually mvolves the control of flow of solids, liquids, gases, 
or electric current The control of such flows necessitates 
the use of valves, dampers, &c , located in the stream to be 
controlled Such mechanical devices require power lor 
their operation which it is usually beyond the capacity of 
the sensitive detecting element to provide Exceptions, 
however, arc the direct-acting controllers which are of a 
comparatively crude and rugged type, as, for example, 
mechanically linked float-operated liquid-level controllers 
In general it is found necessary to interpose between the 
detecting clement and the valve a transmission system which 
IS capable of control by the detecting element and which is 
able to transfer this control with augmented power to the 
valve or damper Such mtermediate transmission systems 
may either be of a pneumatic type employing as transmit- 
ting fluid either compressed air or steam, or alternatively 
hydraulic in character employing as fluid water, oil, alcohol, 
or similar liquid Again, the intermediate system may be 
electrical Generally, potentiometer type instruments em- 
ploy an electrical intermediate system in the controller 
mechanism, although they may occasionally be associated 
with an air-operated pilot system Bourdon tube type 
instruments, on the other hand, usually employ the latter 
type of pilot system 

In setting out to control a variable it is necessary at first 
to determine the extent to which deviation from the pre- 
determined value of the variable may be allowed The ideal 
controller would, of course, detect and correct, in the 
variable, any tendency to change, so rapidly that it would not 
depart appreciably from the desired value Such absolute 
perfection of control is almost impossible and seldom 
required Generally it is satisfactory if the vanable is mam- 
tained within upper and lower limits on either side of the 
desired valve, these limits depending upon the magnitude 
of the effect of the variable upon the process results Close 
limits require complicated and expensive instruments 

Controllers fall into two general classifications, viz 

(fl) ‘Open and shut’, or ‘On and off’. Action, 

(6) Floating or Throttling Action 

‘On and Off’ Action. 

The simple laboratory electrical thermostat is an ex- 
ample of the ‘On and Off’ action It is used to mamtain 
a bath, say, at a predetermmed temperature When the 
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temperature of the bath falls below a certain fixed value 
for which It is set by means of a thermometer, the heating 
current is switched on, and when it rises above a cerUin 
fixed value the heating current is shut off Similarly, if the 
bath IS heated by means of steam, the controlling valve of 
the steam-supply Ime will be opened and shut respectively 
at the lower and higher temperature limits The tempera- 
ture of the bath is therefore never constant but falls below 
and rises above the desired value within certain fixed and 
permissible limits and in such a way that the average tem- 
perature IS that required This type of control is frequently 
suitable for a simple process of the batch type in which 
the process lag is small, the reason being that the sensitive 
element very quickly receives back through the process the 
result of Its action in opening or closing the valve 

This action however, involves a sudden change or surge 
in the controlled medium which obviously would be un- 
desirable, for example, in the control of the supply of fuel 
to a furnace In order to avoid large fluctuations in 
temperature the limit switches might be adjusted so that 
the movement of the controlling valve from one position 
to the other would result in only a small change in the flow 
of fuel to the burners, but the change of valve position 
from open to shut would occur frequently If a sudden 
change occurred in the fuel-supply pressure or in the 
furnace load, the valve positions corresponding to the limit 
switches would piobably require readjustment 

If the variable controlled by an ‘On and OflT’ action 
mechanism is recorded against time, the result is a sinuous 
Ime which rises and falls regularly above and below the 
straight line representing the desired value of the variable 

Floating or Throttlmg Action. 

Many control problems involve large thermal capacities 
and considerable time lags m the process A time lag 
causes the instrument to be ‘out of step’, as it only detects 
the result of its action after an interval during which the 
variable tends to swing in one direction or other away from 
the control-point This gives rise to the phenomenon known 
as ‘hunting’ In such cases ‘Floating or Throttling Action’ 
controllers are employed The valves are always partially 
open in operation, but are adjusted when necessary by the 
reaction of the sensitive element to compensate for varia- 
tion m the effective conditions or change in demand 

A throttling or floating action controller settles down to 
an average setting which will meet the demand without 
change in valve position so long as the demand does not 
fluctuate With change in demand, however, the new setting 
Will tend to be slightly different from the original control- 
point A control instrument operatmg in conjunction with 
a floating or throttling valve should, therefore, have a 
stabilizing element which acts to oppose any change in 
the variable and a compensating element which readjusts 
the position of the stabilizing element to maintain the vari- 
able at the exact desired value Such instruments are 
classed as Compensating, Trend-analysing, or Anticipat- 
ing controllers 

Liquid-level Controllers. 

When the valve controlling the flow of liquid from the 
vessel m which the predetermined level is to be maintained 
IS located near the float mechanism, the lever operated by 
the float may be directly connected by mechanienl linkage 
to the controlling valve When the control valve is located 
at a distance, a pneumatic or hydraulic transmission system 
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IS interposed between the float lever and the valve, similar 
to that described below for the temperature and flow 
controllers 

Alternatively mercury contact switches may be fitted to 
the float lever to operate a motor-driven control valve 


against the pilot-valve seat at 4 the valve 5 attached to a 
spindle carried by the free side of the bellows The high- 
pressure system is thus closed to the diaphragm head of 
the control valve which consequently closes 
When the temperature drops the helical tube 1 3 winds up. 



Fio 27 Diagram of operation of imglc-action temperaturL controller 


Pneumatic or Hydraulic Pilot-operated Controllers for Tem- 
perature and Pressure. 

Compressed air at a pressure of IS to 20 lb per sq in 
gauge pressure is generally used in pilot systems on account 
of Its being widely available, easily cleaned and dned, 
and easily disposed of when used by venting to atmosphere 
Temperature and pressure controllers operate by control- 
ling the flow of a fluid, be it liquid, gas, fuel, or electricity 
In essentials the operating principle is illustrated m Fig 27 
which shows a simple sin^e-action Foxboro temperature 
controller 

The operating air for the pilot system enters through 
a filter 18 and flows throu^ a port in an adjustable 
pilot-valve seat 3 and thence, the valve bemg open, to the 
diaphragm head 14 of the control valve 15, which is open 
to admit hcaUng steam to the process The air supply also 
passes simultaneously through a pressure-reducing valve 7 
and escapes to atmosphere through a leak valve 9, which 
IS open 

Should the temperature rise beyond the control-point 
a sensitive bulb 1 1 operating on a helical tube 13 closes the 
flapper arm 10 of the leak valve The pressure in the system 
rises, bellows 8 expands, and bemg fixed at one side forces 


and the flapper arm 10 is moved away from the nozzle of 
the leak valve 9 The pilot-system pressure drops, causing 
the bellows to contract and close the pilot-valve head 5 
against its scat at 6 The high pressure is now open to the 
control valve, which is thus caused to open adnutting the 
heatmg steam again to maintain the temperature 
The pilot system, as described above, operates on the 
‘on and off’ principle If, however, ‘throttling action is 
required, an adjustable flapper valve is used which begins 
to close the nozzle before the control-point is reached 
Varymg temperature thus varies the amount of ‘winding’ 
of the helical tube, alters the position of the flapper arm 
relative to the leak-valve nozzle, and hence the amount of 
air escaping therefrom The resultant variation in the air 
pressure on the diaphragm head of the control valve causes 
It parUally to open or close in response, thus controlling 
the flow of heating medium in a continuous manner as 
opposed to the spasmodic control of the ‘ on and off’ action 
The typical operaUng prmciples governing the mtroduc- 
tion of compensauon to prevent over controlling of the 
control valve are shown in Fig 28, which illustrates the 
operation of the Mason-Neilan compensated temperature 
controller 
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The operating air enters the system through a reducing acting on 27 as a fulcrum This lowers flapper arm 12 and 

valve which vents any excess air pressure, brmging this partially opens the air-leak valve The pressure on the 

down to 15 lb per sq m AAer the removal of dirt and diaphragm head drops, and the valve opens partially to 

moisture in a filter 3 the air passes through a fixed orifice 7 allow the heating-medium pressure to build up to the 

The flapper arm 12 partially closes the outlet of the leak required value, thus compensating for pressure change 

valve 8, and the pressure from 7 builds up in bellows 13 before it affects the controlled temperature 
The increasing pressure m the bellows closes valve 15 and The control-valve compensator operates in the following 
opens valve 14, allowing air to enter chamber 16, flow manner to prevent ovcrcontrolling 

through 17, and equalize the pressure in 16 and 18 When As the pressure which actuates diaphragm head 20 tends 



Fig 28 Diagrammatic sketch of operating pnnciple of Mason-Neilan temperature controller 
with thermo-pressure compensator 


the pressures inside and outside the bellows 13 equalize, to increase, it is transmitted to an expansion element 22 

valve 14 closes and prevents the pressure in 16 from increas- Thu expands, forces arm 30 downwards, acting on 26 as 

ing further This pressure exerts a downward force on the fulcrum, and lowers flapper arm 12 slightly away from the 

diaphragm head 20 of the control valve 21, which partially leak valve, as the result of which the increase m pressure 

closes and reduces the supply of heating medium on the diaphragm head is checked For any tendency of 

As the temperature falls the Bourdon tube or helical coil pressure on the diaphragm head to be reduced the action is 

1 1 winds (counter-clockwise) and lowers the flapper arm 12, reversed 

point 25 acUng as the fulcrum This partially opens leak The drill compensator which compensates for load 
valve 8 which reduces the pressure on the diaphragm head change and lag m heaUng medium operates m a wmiinr 

20, and allows the valve 21 partially to open and more manner to the thermo-pressure compensator 

heatmg medium to flow, thus preventing further tempera- Although the description given above is that of a 
ture drop tonperature controller, the same principles are obviously 

To compensate for changes in the pressure of the heating equally applicable to the control of pressure »«ing a Bour- 
medium which might precede changes in the controlled don tube or helical coil type sensitive 
temperature, the downstream pressure is carried to the Where the lags m the process are large the throtthng or 
‘thermo-pressure compensator’ expansion element 23 If floating-action control valve is used The range between 

the pressure drops this element contracts, lovrenng arm 30 the dosed and open positions of the control valve u known 
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as the ‘throttling range’, and is usually expressed as a per- 
centage of the total range of the instrument, e g if it requires 
a 40° change in temperature to open the valve fully and the 
mstrument has a range of 200°, the throtthng range is 20% 
In an air-operated single-response type of controller 
there exists oidy one position of the control valve corre- 
sponding to the position of the free end of the Bourdon tube 
which results from the variable m question Therefore 
only one control-valve position exists for each value of 
the process variable, be it temperature or pressure, &c , 
irrespective of change in the process load or demand 
Considering the situation from the pomt of view of the 


means of a differential-pressure ‘motor* which is mechani- 
cally ‘hnked’ to the leak valve The ‘motor’ consists of two 
bronze bellows with a separating diaphragm, the bellows 
being fixed at both ends with the dividmg diaphragm free 
to move m the centre The reset acUon is linked to the 
centre diaphragm One compartment of the bellows is con- 
nected directly to the hne by means of which the operating 
air is supplied to the control-valve motor The other com- 
partment IS connected to the same hne through ‘resistance 
spools ’ consisting essentially of fine capillary tubing A sud- 
den change in operating conditions will influence the directly 
connected side more rapidly than through the ‘spools’ and 
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control valve, it is obvious that if the conditions of the pro- 
cess permanently change, the control-point will also change, 
that is to say, the position of the control valve required to 
keep the controlled variable constant For example, if the 
throughput of a fractionaUng tower is permanently changed 
or the analysis of the charging stock varied, the temperature 
at the top of the tower will change unless such permanent 
change is made in the amount of reflux returned to the top 
of the tower as will compensate for the mcrease or decrease 
in the overhead fraction The reflux control valve will 
therefore require to be reset at a control-point within the 
‘throttling range’ differing from the original control- 
point, I e a different control-valve opening will correspond 
with the desired value of the variable This involves a 
correspondmgly different pressure of the fluid m the pilot 
system Using a simple single-action control valve operat- 
mg as m Fig 27 a smaller valve opemng for the same 
temperature will require a greater pilot-fluid pressure This 
may be brought about by bringing the leak valve closer 
to the flapper arm for the arm position corresponding to 
the desir^ temperature In this way the location of the 
throtthng range can be varied with change m demand and 
the resetting accomplished either manually or automatically 

In the single-response type of controller the resetting 
must be done manually, but m the double-response type of 
instrument with follow-up action the resetting is accom- 
plished automatically 

In the Foxboro Stabilog Controller this is effected by 


so bang about a quantitative delayed effect which tem- 
porarily resets the control-pomt and through the medium of 
the ‘resistance spools’ ultimately returns this to its onginal 
setting This is an asymptotic approach which prevents 
crossing of the control-point and hence obviates ‘huntmg’ 
ITie action of the Taylor ‘Dubl-Response’ control system 
IS illustrated diagrammatically m Fig 29 The action may 
best be explamed by assummg a sudden decrease in the 
process load This brmgs about a rapid temperature in- 
crease of the temperature-sensitive element which causes a 
Bourdon tube to unwind, thereby raising the left side of 
a balanced lever and lowering the right side The supply 
of air to the capsular chamber is decreased and the air 
leak increased The capsular chamber contracts, and by 
means of the second balanced lever restricts the air leak 
from a second leak valve The motor valve is caused to 
expand by the resulting increase m air pressure and con- 
tinues to do so until, by means of a yoke, it raises the 
second leak valve just sufficiently to balance the incoming 
air from the air supply, against the air leakmg from this 
section of the system Simultaneously the disk of the con- 
trol valve IS pushed a proportional amount towards its 
seating (This is the normal response m a single-response 
controller ) Meanwhile the second response or follow-up 
action IS starting The spring above the control valve is 
extended by the downward movement of the control- 
valve disk, and through a further balanced lever the tension 
of the spnng pushes up the piston in the fluid-filled 
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damping unit, the rate of movement of the piston or follow- 
up action being adjustable at will by controlling the rate of 
leakage of fluid from one side of the piston to the other 
The rising piston carries with it the second balanced lever 
and restricts still further the escape of air from the second 
air-leak valve, resulting in the motor valve slowly moving 
the Lontrol-valve disk still nearer its seating 

This gradual closing continues until the temperature be- 
gins to return to its control-point At this time the Bourdon 
tube begins to wind up again and raises the disk in the first 
air-leak valve by means of the first balanced lever The in- 
creased pressure in the capsular chamber lowers the valve 
disk in the second air-leak valve This increase in pressure 
in the capsular chamber takes place when the piston is 'till 
movuig slowly upwards As the temperature reaches the 
control-point the capsular chamber has expanded just suffi- 
ciently to prevent further lifting of the second air-leak valve 
disk and consequently further lifting of the piston When 
the control-point is regained under the new conditions of 
process load the temperature is as required, but the second 
air-leak valve disk, the valve motor, the piston, and the 
control-valve disk are in the necessary new positions 

Potentiometer Temperature Controllers with Fluid- 

operated Pilot System. 

Falling midway between the class of controllers de- 
scribed above which employs a Bourdon or helical tube 
sensitive element coupled with a fluid-operated pilot system 
and the potentiometer all-electric class of controller de- 
scribed below, are the potentiometer controllers having 
fluid-operated pilot systems Of this class is the Foxboro 
Potentiometer Stabilog, the principles of which may be 
readily gathered from the preceding descriptions of 
potentiometers and of the Stabilog air-operated pilot system 
of control The method employed in combining these com- 
ponents IS shown in Fig 30 The changes in the position 
of the galvanometer pointer are sensed by a calibrated 
detector arm which is periodically raised from and lowered 
to the pointer by a lifter arm This lifter arm is operated by 
means of a motor-driven cam, the pointer being free to 
deflect in either a high or low direction when the detector 
arm is raised A rising temperature will deflect the galvano- 
meter pointer to the high side of the scale, allowing the 
detector arm to be lowered farther than during the previous 
cycle As the arm descends it engages a rocker which 
turns the flapper shaft, thus adjusting the flapper valve 
which in turn readjusts the controlled valve openmg 
sufficiently to maintain the desired temperature A falling 
temperature results in the detector arm falling to a smaller 
extent than before In this case the lifter arm engages the 
other side of the rocker which is turned until stopped by 
the detector arm The flapper valve is thus adjust^ and 
the controlled valve closed the correct amount 

Bourdon Tube— Electrical Relay Type Controllers. 

Also m the midway class is the type of instrument which 
employs a Bourdon or helical tube detecting device m- 
corporated with an electrical relay type of couphng to a 
motor-driven control valve In this type an arm attached 
to the axis of the tubular detector is arranged to engage with 
a stud on a ulung plate carrying a mercuiy type switch 
At the required temperature the mercury tube is caused to 
tilt, thus making or breaking an electric cuvuit which in- 
cludes the motor operatuig the control valve Alternatively 
the arm may be arranged to make contact with stud termi- 
nals with the same effect 


All-electric ControUers. 

In electrical controllers, incorporating potentiometers 
for temperature measurement or utilizing electrical relay 
systems to the indicating or recording instrument, 
the depressor bar in periodically depressing the pointer on 
the chart simultaneously completes the circuit energizing 
the control mechanism 

Various modifications of this are in use For example, 
in the case of the Leeds and Norfhrup controller the control 
contacts are operated by two concentric disks If the tem- 
perature docs not change, the disks do not move, but, when 
the temperature rises or falls from the control temperature, 
rotation of the disks occurs similar to the rotation of 
the clutch mechanism in the same make of self-balancing 
potentiometer 

A controller having two switches only— a high-limit 
switch and a low— can never allow the control valve to 
settle down, but must result in it periodically moving back- 
wards and forwards The addition of an intermediate or 
third switch, which corresponds substantially to that 
necessary to provide the correct flow at the desired operat- 
ing temperature, produces a ‘ backing-off ’ effect when the 
control valve is moved to its centre position from either 
the high or low settings 

Where time lags in the process arc appreciable, compen- 
sating devices are incorporated in the all-clectnc controllers 
to achieve the same effect as is obtained m the compensated 
air-opcrated systems By adding auxiliary contacts the 
control mechanism may be caused to take very small steps 
with each depression or cycle of the control instrument 
Also by suitable arrangement of auxiliary contacts it may 
be arranged to produce a large correction if the temperature 
should depart beyond a certain fixed limit 

Anticipating or Trend-analysing Controllers (AU-elec- 

tne Type) 

This type of controller has been evolved to handle diffi- 
cult or complicated control conditions in which there may 
arise sudden changes in demand or a general tendency 
towards sudden fluctuations in conditions It has to take 
into account the direction and rate of change of the variable 
and also the degree of deviation from the control setting 

The principles adopted m the Brown Trend-Analysing 
Controller arc illustrative of how this may be accomplished 
It IS obvious that a differential type of mechanism must be 
employed to interpret the rate of change of the variable 
Consequently the valve must be controlled in very small 
steps to follow what is mathematically the first differential 
function of the variable 

The desired result is accomplished by shifting the selector 
table with each movement of the depressor bar in such a 
way as to bring the neutral to the exact location which the 
pointer occupied previous to the last adjustment The effect 
IS to maintain the valve in a definite position as long as the 
temperature is constant and to change its position only 
with temperature change The movement of the selector 
table IS brought about by a reversible motor operating 
through a chain and sprocket drive This motor is con- 
nected m parallel with the motor m the valve-motor 
mechanism and runs simultaneously with it except when 
the pointer selects the centre or neutral contact When 
this happens, the motor in the valve mechanism is tempo- 
rarily disconnected and the circuit completed to the other 
fields of the reversible motor which, driving through a spiral 
shaft, moves the selector table one step backwards to the 
true control setting In this way the control mrtnmwnt 
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rapidly follows the pointer when rapid changes are taking 
place, thus enabling the control valve to counteract the 
change in the variable, but immediately the valve position 
IS adequate to halt the variable, so that the pointer remains 
in the same position for two consecutive cycles, the instru- 
ment starts to move back in conjunction with the control 
valve towards the true setting This type of instrument is, 
of course designed primarily for use in conjunction with 
throttling type mechanism Temperature controllers art 
commercially available which will maintain the desired 
temperature within 1 5 in a 600 range or within 2 5’ in 
a 1,000' range 

Motor Meehanisms The simplest type of drive for an 
electrically operated control valve is a single-motor mechan- 
ism which through gearing, moves the valve stem either 
directly or by means of a lever This is suitable for applica- 
tions where the time lag is not great and where the control 
is effective when accomplished by very gradual changes in 
the control-valve position 

The tsso-motor mechanism is a refinement which enables 
the valve to cope with sudden fluctuations and changes in 
demand The primary, or initial-stroke motor, is geared 
to produce comparatively large changes in the valve 
position The secondary, or balancing, motor corrects for 
permanent changes or assists when the initial stroke is not 
sufficient to return the temperature to normal It generally 
functions by enabling the lever arm to take any position 
throughout its entire range of movement to correspond to 
the middle or normal position of the initial-stroke motor 

Where a moderate time lag exists it may be advisable to 
make provision for delaying the operation of the floating 
or balancing motor until after the instrument has had an 
opportunity of sensing the effect of the movement of the 
initial-stroke motor This is done by the interposition of a 
time-lag clutch between the balancing motor and the levci 
which operates the valve so that the balancing motor may 
function during a number of cycles of the control instru- 
ment before the clutch engages and moves the lever 

Electric Relays When the current, which can be carried 
by the control instrument contacts, is insufficient to operate 
the control valve, electrical relays are used The current 
capacity of mercury-tube switches used in control instru- 
ments varies naturally with the type of circuit employed, 
&c, but in simple designs may be up to 25 amp at 125 
volts, or, in switches made of refractory glass, up to 
60 amp 

Flow Controllers The differential manometer type of 
instrument may be employed as a flow controller by 
arranging for the float to operate the air-leak valve of an 
air-operated pilot system Of this type is the Foxboro flow 
controller As described previously, the differential mano- 
meter may be employed to indicate liquid-level, and as a 
liquid-level controller is in reality a flow controller, essen- 
tially the same instrument may employed 

In industry it is frequently found necessary to arrange 
that the rate of flow of one stream should bear a constant 
ratio to that of another For this purpose ratio-flow 
controllers are used This controller is in r^ity two inter- 
locked instruments When of the manometric type it is 
constructed with two sets of differential-pressure chambers, 
one set connected to an orifice in the primary line and the 
other set to an orifice in the secondary line The differential 
pressure resulting from the flow of the primary fluid 
operates the settuig device of the secondary instrument 
controlling mechanism in such a way that if the ranges of 
the instruments are equal, the differential pressures are 


equal or, if different, in such a way that the differential 
pressures are maintained m proportion to the scales 

Valves. 

Control Valves In selecting the most suitable type of 
control valve the following characteristics of the controlled 
medium must be considered 

(a) Its chemical properties, also whether abrasive or 
non-abrasive in character If the fluid is corrosive, 
the necessary precautions must be taken in selecting 
the materials of which the valve body, stem, seating, 
and gland are to be fabricated 

(b) Its noimal and maximum temperatures and pres- 
sures These affect the material and design of the 
body and seats, also the size of the diaphragm in 
an air-opcrated type 

(<) Its normal and maximum flows and possible fluctua- 
tions upon which depends the size of the valve and 
arrangement of the scats, ports, &c 
Fluid-operated Tvpe These are divided into two classes 
both employing a diaphragm or bellows to operate the 
valve In the direct-acting tvpe the valve tends to close with 
increase of pilot-fluid pressure on the diaphragm In the 
reverse-acting tvpe the increase of pilot-fluid pressure tends 
to open the valve A further division of types takes into 
account the arrangement of valve seats, &c 
Generally the types employed are 
(«) Butterfly valves for low-pressure gas or air 
(h) Globe valves for medium-pressure fluids 
(( ) Balanced valves of the double-seating globe or ported 
type for high-pressure fluids 
Gate valves arc not commonly used 
Globe Valvev can be made suitable either for direct- 
acting diaphragm control, or by reversing the seat so that 
the valve disk closes upwards against it, suitable for reverse- 
acting diaphragm control The same result can be achieved 
by reversing the action of the motor Normally globe 
valves are used for pressures up to 150 lb per sq in , but 
thev should also be used on any application where a tight- 
closing valve IS necessary 

Balanced Valves can be made suitable for direct-acting 
diaphragm control on fluid pressures up to 250 lb per sq 
in Such valves are quick opening and suitable for applica- 
tions involving open and shut control They should not be 
used on applications requiring a tight-closing valve By 
reversing the seat so that the valve disk closes upwards on 
to It, the valve is made suitable for reverse-acting dia- 
phragm control 

The flow through a perfect throttling valve should be a 
straight-line function of the valve lift This is very closely ap- 
proached in the Mason-Neilan parabolic design in which the 
area for the passage of fluid through the valve as it rises off" 
Its seating is regulated by suitably shaping the valve stem 
The balanced and globe type valves may be operated to 
give * On and Off’ control by using a controller incorporating 
a non-throttling leak valve 

V-port Valves are suitable for fluid pressures from 250 
to 1,350 lb per sq in They are used on high-temperature 
high-pressure service, and are of the balanced gradual 
opening type They are not suitable for applications re- 
quiring a tight-closing valve, but are especially valuable 
where full-floating valve action is desirable The Foxboro 
Stabilflo valve is a modification of the V-port design which 
gives equal percentage increase of flow for equal increments 
of lift and has an effective rangeability of 2%-100% 
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Single-seated Needle Valves are suitable for pressure 
up to 3,000 lb per sq in and are available in designs 
which may be employed where full-floating action is re- 
quired For high-pressure work the body is generally of 
drop-forged steel The plunger is of the needle type with 
bevel seat 

Pilot Valves. The action of a typical pilot-valve system 
IS illustrated in Fig 3 1 Air at constant pressure is supplied 
through line 1 to the pilot valve 2 So long as the pressure 
in the Ime 3 remains constant, no movement takes place in 
the control equipment If the pressure rises, the Bourdon 
tube tends to unwind, raises pilot-valve stem 5, and admits 
more air to the diaphragm head and closes the control 
valve sufficiently to lower the pressure to the control valve 
Reverse action occurs with a drop in pressure in the line 
The control valve is adjusted so that it moves over the entire 
range between the fully open and fully closed posiUons be- 
tween certain limits of air pressure on the diaphragm head 
Intermediate air pressures result in intermediate positioning 
of the control valve The pilot-valve stem assumes a slightly 
different pressure for each different position of the Bourdon 
tube, and a movement of a few thousandths of an inch is 
sufficient to enable the pilot valve to accomplish the full 
change in the range of air supply 

For operatmg butterfly valves, dampers, &c , a double 
pilot arrangement is very suitable Takmg as an example 
an installation designed to maintain a certain gas pressure 
by regulation of the rate of flow 

Rising pressure m the gas mam raises the level of the 
mercury in a reservoir which in turn lifts a float This 
depresses the pilot-valve stem allowing increased air pres- 
sure to act on a bellows which expands and depresses the 
relay pilot-valve stem, admitUng increased air pressure 
beneath the piston which operates a butterfly valve m the 
gas main The piston rises and partially closes the butterfly 
valve, simultaneously increasing the tension in a spnng 
which tends to contract the bellows When the force of the 
air below the piston balances the tension of the spring, 
the relay pilot valve is m its neutral position and further 
motion of the piston and butterfly valve ceases, the gas flow 
having been decreased to give the required lower control 
pressure This type of valve is suitable for floaUng control 

Employing the same prmciples, but utilizing high- 
pressure oil as the operating fluid in place of air, is the 
Bectroflo 'Strmtline' Regulator This is available for con- 
trolling temperature, pressure, or flow The pilot valve 
in this design carries a small impeller which rotates it 
conbnuously by reaction to the impulse of a jet of high- 
pressure oil This reduces friction in, and increases the 
sensitivity of, the pilot valve The action of the flapper 
type leak valve and bellows-operatcd pilot valve used by 
the Foxboro Company has already been described m the 
section dealing with Temperature and Pressure Controllers, 
and, as previously explained, it may be arranged for either 
‘On and Off’ or floating control In the Kent and Bristol 
air-operated pilot systems the air leak is controlled by a 
chopper or vane which passes between two nozzles dis- 
charging opposing jets of air The resulting action of the 
chopper or vane on the pilot system is similar to that 
achieved by the flapper in the designs previously described 

Electrically Operated Control Valves. Solenoid Type 
Control valves, generally of the ‘On and Off’ action type, 
may be operated by a solenoid arranged round an extension 
of the valve spmdle which forms the armature The valve, 
which may be of the globe, balanced, or needle type, is held 
either m the open or shut position by a sprmg, and the 


energizing of the solenoid causes the spindle to move to the 
other limit of its travel in opposition to the spring 

Motor Type The action of this type of control valve has 
been generally desenbed in the section above dealmg with 
All-clectric Controllers With this type of valve the stem is 
usually connected to the motor (the drive of which is geared 
down) by means of a crank so arranged that the full range 
of operation of the valve is covered by the rotation of the 
stem through half a revolution As already explained, the 
motor control may be arranged to give either throttling or 
‘On and OIF action 

Pressure-reducing Valves and Back-pressure Control 
Valves Such valves are usually of the self-operating type 
depending for their action on the pull or thrust of a weighted 
lever or spring In order to increase the sensitivity the pres- 
sure to be controlled is brought to bear on a large metal 
diaphragm, on the opposite side of which the force of the 
weighted lever or spring is exerted 

For example, a diaphragm control valve may be employed 
as a back-pressure regulator The inlet pressure acts on the 
duphragm The springs opposing this action are set lor 
the desired pressure by means of an adjusting screw When 
the inlet pressure has increased sufficiently to overcome the 
resistance of the sprmgs the valve stem is forced down and 
the valve opens, thus relieving the inlet pressure and per- 
mitting the springs to force the valve disk back on to its seat 

By reversing the action of the valve so that it seats on the 
downward motion of the stem and by connecting the down- 
stream pressure to the diaphragm head, this type of valve 
becomes a pressure-reducing valve Such valves may be 
obtained for use up to 400 lb pressure at 750' F or 750 lb 
pressure at 100' F 

For the action of the compressed spring used in these 
valves may be substituted that of a weighted lever 

For conditions which impose an onerous duty on the 
valve, a pilot operated design may be employed similar 
to that shown in Fig 32 In this instance the arrangement 
IS adapted for pressure-reducing service The diaphragm is 
balanced between the action of the downstream pressure and 
the reaction of the main spring B If the downstream pres- 
sure falls, spring B forces open pilot valve C against the 
action of pilot spnng D which normally keeps the pilot 
valve closed The opening of the pilot valve admits the 
upstream pressure below piston F, which rises and opens 
the mam valve to allow fluid to flow through, thus raising 
the downstream pressure When this pressure increases 
to the desired value, as determined by the settmg of the 
mam spring, the diaphragm is forced back by the down- 
stream pressure, the pilot is closed by its sprmg, and the 
flow IS stopped Actually in operation the main valve floats 
with small variations in downstream pressure 

Remote Indicating, Recordmg, and Control Devices 

For the indication, recordmg, and control of liquid levels, 
rates of flow, pressures, draughts, temperatures, and posi- 
tions of valves, &c , at long distances up to several miles, 
electrical devices incorporating self-synchronous motors 
are widely used Typical of this class of device is that 
adopted by the General Electric Company under the trade 
name of ‘ Selsyn ’ The devices are essentially small motors 
which when interconnected, operate so that one motor 
reproduces any motion imparted to the other In operation 
the motors are similar to synchronous motors They are 
shuttle wound, have defimte poles, and are both connected 
through shp rings preferably to the same source of excita- 
tion which supplies single-phase alternating current 
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The pmiciple of operation is as follows When the 
receiving rotor is act^ upon by the alternating current 
supply, as It IS free to move, it will take up a position 
corresponding to that of the transmitter rotor In this 
relative position of the rotors, the voltages induced m the 
receiver stator equal and balance those induced m the 
transmitter stator, so that no currents flow in the stators 
and the torque is zero Should the transmitter rotor be 
turned to a new position, the voltages induced in the trans- 
mitter and receiver stators will no longer be equal, and as 
a result current flowing in the receiver stator circuit will set 
up a torque which tends to cause the receiver rotor to 
follow in the same direcUon as the transmitter rotor The 
transmitter rotor is held mechanically by its actuating 
mechanism, and the torque reacts against any force which 
may be restraining the rotor in the receiver The receiving 
rotor always tends therefore to seek a position which will 
result in it being in synchronism with the transmitter, and 
It will resist any effort tending to force it from that position. 

The sympathetic torque which builds up in the trans- 
mitter against any force tending to restrain the receiver 
rotor IS made use of in the de Florez system for the remote 
manual control of valves The motor operating the valve 
to be controlled functions in synchronism, as described 
above, with the motor which is manually operated at a 
distance from the control-point The distant operator in 
turning the rotor of the transmitter, however, can actually 
feel the sympathetic torque which is generated, and should 
this rise to an abnormal value he is aware of it and can 
order an investigation in case the valve has seized or is 
blocked by some foreign body In this way the straining 
of the receiver motor against undue load and possible 
blowing of fuses, or bunting out of motors, or breakage, 
IS obviated 

It will be readily appreciated that the actuating move- 
ment of the mdicating, recording, or controlling mechanism 
of an instrument can be easily transmitted by mechanical 
linkage or gearing to one Selsyn motor and thence through 
the self-synchronous system to another motor operating 
by similar linkage the final device in a distant indicator, 
recorder, or controller 

The Application of Instruments 
Process Control. 

The value and use of the devices described in the fore- 
going sections can be illustrated well by reference to their 
use in the petroleum refining industry, which is typical of 
those in which keen competition for markets, and develop- 
ments in allied fields such as engme design, has resulted 
in a necessity for the production of cheaper and more 
rigorously specified products In almost all branches the 
industry has incidentally passed from batch to continuous 
operation, which, involving, as it does, the handling m the 
plant of smaller instantaneous quantities, requires closer 
and more accurate control of the process variables 

In order to achieve such control an accurate knowledge is 
essential of the values of the process variables, either con- 
tinuously or at regular intervals This information may be 
obtamed by judicious use of the indicating or recording 
instruments already described It will, however, be readily 
appreciated that while it is generally possible with adequate 
and sufficiently skilled supervision to control the process 
manually, more effective, and in most cases cheaper, control 
may be obtamed by the use of controllers to regulate the 
more predictable or less involved variables, thus reducing 
the operating staff required to a number adequate to cope 

III 
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with only such indeterminate factors as demand human 
judgement 

In recent times the necessary supervision has involved 
so little personnel that the small staff to be seen, for 
example, controlling large modern distilling units is a 
constant source of surprise and comment, their presence 
being generally necessary only to help the control instru- 
ments over a difficult period by resetting them to handle 
disturbed process variables, which may only have arisen 
from unusual conditions external to the plant itself 

In most processes it is impossible to rely entirely upon 
automatic control by instruments, however well they may 
be selected and located, unless the process is very simple in 
character The best of instruments cannot handle, without 
readjustment, conditions outside the scope of those for 
which they are designed 

Satisfactory results can be obtained from automatic 
control instruments only by a careful study of the process 
conditions and the selection of the appropriate instrumenU 
Consider, for example, the simple case of the automatic tem- 
perature control of the liquid in a vessel such as a reboiler 
heated by means of closedsteam Under optimum conditions 
the controller should vary the position of the control valve 
on the steam line only when the heat load on the reboiler 
changes Unfortunately the pressure of the heating steam 
may fluctuate, resulting in unsatisfactory temperature con- 
trol if a simple control instrument has been installed To 
counteract the varying steam pressure a more complicated 
mstrument of the compensated type would be requir^, such 
as, for example, the Mason-Neilan Compensated Tempera- 
ture Controller, the Foxboro Stabilog, or the Taylor Dubl- 
Responsc Temperature Controller On the other hand, the 
obvious auxiliary for a simple controller under such condi- 
tions would be a pressure controller on the steam-supply line, 
provided this is of adequate capacity Particularly if a num- 
ber of controllers on several vessels are operatmg on steam 
from a single source, the installation of a separate steam-pres- 
sure controller will be the cheaper solution to the problem 

It 15 frequently found advantageous to control such out- 
side variables independently, thus permitting the use of 
simpler control instruments which under the more ideal 
conditions resulting therefrom give results as good as, or 
even better than, arc obtamable from a complicated installa- 
tion operating under the less favourable conditions 

Another very important consideration m the satisfactory 
automatic control of a process is the location of the sensi- 
tive elements These should be so located that the process 
lag between the control-point and the detection-point is as 
small as possible Unsatisfactory results are frequently 
obtained because the control device is required to make 
changes long after the variables have affected the condition 
to be controlled It is natural that, where possible, an 
endeavour should be made in the interests of economy to 
take advanUge of the relaUve cheapness of a combined 
recorder and controller It should, however, be borne m 
nund that best location of the sensitive element or detector 
IS not always where the final result can be measured and 
recorded In such cases it is preferable to use a simple 
non-recording controller having the sensitive element and 
control device located in the best posiUons to give a simple 
control, and to locate a separate recorder at the position 
where the final result can be measured 

In a typical modem atmospheric crude-oil topping unit, 
the followmg variables are automatically controlled 

(a) The pressure of the steam supply to the pumps (if 
these be steam driven) 
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(b) The rate at which the crude oil is charged to the umt 

(c) The temperature at the top of the fractionating tower 

(d) The tube sull outlet temperature 

(e) The level of liquid residue in the base of the tower 

In addition it is necessary to regulate the rate at which 
reflux IS returned to the various sections of the tower to 
control the specifications of the side-stream products If 
this regulation is effected manually, direct or remote control 
of the valves will be selected according to the height of the 
tower and the frequency of change in the side-stream pro- 
duct specifications AltemaUvely automaUc control may 
be adopted 

The steam supply to the umt will be regulated by a 
pressure-control valve located on the main from which are 
derived the branch lines to the various pumps on the unit 
This control valve will be set to give a supply pressure 
slightly below the minunum likely to occur at that point on 
the mam, whatever may be the boiler load or the demands 
on the mam between the boilers and the control-point 

To obtain a steady rate of crude-oil supply to the unit a 
flow controller will be installed having the onficc located m 
the discharge line from the charging pump, and the control 
mechanism will operate a control valve on the steam line 
to the charging pump If the charging pump is of the cen- 
trifugal type, either motor or steam-turbine driven, the 
mechanism will control the discharge valve on the pump 

The specifications of the overhead product obtained 
from the top of the fractionating tower depend upon the 
top-tower temperature, which in turn, other factors being 
constant, depends upon the rate at which reflux is pumped 
back over the top tray m the tower In crude-oil distillation 
other conditions arc generally sufficiently steady to permit 
adequate control to be obtamed by means of a temperature 
controller having the bulb located in the top vapour-dome 
of the tower, the instrument operating a control valve on 
the steam-supply line to the reflux pump If this is of the 
centrifugal type, the instrument will, of course, control the 
discharge valve on the pump Under conditions of steady 
load on the tower and steady pressure of the reflux supply 
to the control valves, a simple two-position electric control 
mechanism will generally give good results On the other 
hand, the greater range of valve movement inherent in a 
three-posiUon controller would enable this type of instru- 
ment to cope more easily with changes required m the 
operating temperature without the necessity for the 
operator to reset the throttling range Such greater 
flexibility may warrant the small addiUonal expense of the 
three-position mechanism 

When conditions are variable, occasionally requirmg a 
slow adjustment and at other times a quick adjustment 
to counteract a sudden surge in temperature, a more 
elaborate type of instrument is necessary These require- 
ments would be met by a two-motor mechanism in 
combination with a trend-analysing instrument, or alterna- 
tively by a compensating or Stabilog type of conuoller 

Because of thecomparaUvely low operating temperatures 
which prevail at the top of a stabilizing column they are 
advantageously controlled by the mstallation of a flow 
controller in the reflux-supply Ime in place of usmg a top- 
tower temperature controller 

The control of the temperature of the heated oil leaving 
the tube still is complicated by the possible intrusion of 
many variables such as heat losses from the ouUide of the 
tube still, percentage of excess air, draught, condition of 
fuel supply, and charging rate Although the heat losses by 


small percentage of the heat input, a violent change in wmd 
conditions may appreciably affect the operation of a very 
small tube stiU On the other hand, very large tube stills 
have their own particular problems which centre mainly 
round fuel and heat distribution However, if the charging 
rate is closely controlled, the hot-oil outlet temperature may 
be maintained within the required temperature limits by 
means of a carefully installed controller on the fuel-supply 
line to the burners Particularly important is the locauon 
of the sensitive element, which will vary from one tube still 
to another, depcnduig upon the design It is usually desired 
to record the oil-outlet temperature, and in certain cases 
the temperature sensitive element may be satisfactorily 
located at the final outlet to serve a combined controller 
and recorder With other tube-stiU designs some inter- 
mediate position in the path of flow of oil through the tube 
still will give better control In general it should be located 
at a point where the oil has undergone the most rapid 
temperature rise In this position it is particularly sensitive 
to changes in the fuel supply, and changes made by the instru- 
ment in the position of the control valve in the fuel-supply 
line are most rapidly detected In a tube still which trans- 
mits heat mainly by radiation satisfactory results may be 
obtained by running the sensitive element or elements down 
between the roof tubes where they are particularly affected 
by radiant heat and can correct the fuel supply as necessary 
before the effect has been shown up in the hot-oil outlet 
temperature Some of the major variables are relatively 
steady, furthermore, slow gradual changes are required in 
the supply of fuel A floating or throttling type control is 
therefore suitable, and in view of the time lag in the furnace 
itself and the delay before changes m fuel supply affect the 
temperature of the oil m the tubes, a trend-analysing, com- 
pensated, or Stabilog type of instrument is desirable This 
great time lag makes it advantageous in many cases for 
the temperature controller to be operated in conjunction 
with a flow controller on the liquid fuel supply hne or 
pressure controller on the gaseous fuel supply line The 
temperature controller resets the control point of the other 
instrument as may be required by the outlet temperature 

TTie level of the liquid residue in the base of the tower is 
controlled by a liquid-level controller either of the float or 
differential manometer type operating a control valve on 
the steam-supply hne to the residue pump, if this is of the 
steam-driven reciprocating type, or on the discharge branch 
of tlw pump if this IS of the centnfugal type either motor or 
steam driven 

Automabc control of the side-stream products may be 
accomplished by the use of flow controllers on the side- 
stream product lines If the quantity of internal reflux from 
the section of the tower above the side-stream offtake is 
constant and the net flow of the product is maintained 
constant, the spill-over reflux to the section of. the tower 
below the offtake will be constant This assumes a constant 
rate of flow of charge to the tower An mteresting recent 
development obviates even this assumption by the use of 
ratio-flow controllers to regulate the flow of side-stream 
products as a constant percentage of the charging rate The 
percentages of the various products present m a crude oil 
may be determined by laboratory analysis, and the ratio- 
flow controllers on the chargmg Ime and products lines set 
to obtam these percentages In operation the reqmred 
products will be automatically secured regardless of changes 
m throughput, provided the composition of the ehurging 
stock does not vary 
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The word ‘instrument’ really ought to cover any kind of 
apparatus, other than the hands, used in getting informa- 
tion during the process of refining, and of course a watch 
IS such an instrument and also measuring vessels used m 
laboratory 

The more restricted use of the term, however, is made to 
cover robust measuring devices which become an integral 
part of an operating plant 

The actual prmciples of operation of the various mstru- 
ments available are described elsewhere in this section, but 
there are one or two points which experience teaches m the 
use of such instruments which it may be worth while set- 
ting forward for the benefit of those who desire to acquire a 
knowledge of this particular aspect of petroleum refimng 

As a rule we are concerned with getting intermittent or 
continuous knowledge of a state of temperature or pressure 
or of quantity, and in an mcreasing number of cases with 
an attempt to apply controllmg mechanism to make the 
necessary adjustment without further human intervention 
whenever the condition being measured tends to depart 
from the set or desired level Thus we have level con- 
trollers, flow controllers, temperature controllers, pres- 
sure controllers, &c , all of which can now be obtained as 
reliable and accurate instruments for the use of the oil 
refiner 

It may be said, in fact, that in general, the instrument- 
maker has tackled his part of the work of providing the 
means of measuring or controlling m a very satisfactory 
manner, but it is still necessary to use intelligence in the 
setting and in using of the results which can be obtamed 
by the use of such instruments 

To take an apparently very simple case — the measure- 
ment of temperature The various types of indicators, 
such as mercuiy-in-Steel thermometers, galvanometers or 
potentiometers used in conjunction with thermocouples 
or resistance-thermometers, arc each capable of recordmg 
with fair exactness the temperature at the point from which 
the record is taken, i c the thermometer pocket, but quite 
a lot of consideration needs to be given to the positioning 
of such a pocket before one can be satisfied that it really 
does represent the temperature which we are aiming to 
indicate, record, or control 

The fitting of a pocket in a non-representative portion of 
a stream of gas, or the lack of care to prevent radiauon from 
or to the pocket may easily give a very misleadmg reading 
on the instrument, however accurately the mstrument is 
cahbrated 

A good deal of prejudice against flow meters has pro- 
bably arisen from the fact that a type designed to count 
pockets full of liquid, or alternatively to record accurately 
a differential head due to flow through an orifice, may be 
entirely accurate mechanically, but unable to take account 
of varying femperatureconditions or varying specific gravity 
of the fluid which were not bargamed for when the 
instrument was fitted 

It is probably useful to remind ourselves in this connexion 
also that a watch that keeps slightly incorrect tune can be 
a bigger nuisance than one that stops. 

A pomt of interest is always the decision as to which 


condiuon of a number is best measured in order to keep 
proper control of unit In the case of a distillation unit, for 
instance, for a given type of matenal, a certain degree of 
evaporation will have been achieved when equilibrium has 
been established at any fixed temperature and pressure It 
might seem a simple matter to measure the temperature at 
the outlet of the pipe-still when the flow of oil is constant 

This IS obviously true provided it may be assumed that 
the pressure at that point remains constant, but such an 
assumption is precisely the kind of assumpuon which tends 
to be increasingly falsified as a umt continues to run, the 
most common case being a slight but steady increase in 
pressure as the pipestill cokes up, which may or may not 
be accompanied by an mcreasmg falsification of the 
temperature reading itself, due to coke deposition on the 
thermometer pocket. 

As the pressure rises then, a bigger propoition of the heat 
will go mto sensible heat, le showing an increase in 
temperature instead of evaporation, which will cause the 
instrument quite wrongly to cut back the fires, if a controller 
has been fitted to do nothing else but maintain a constant 
temperature in the pipestill outlet without regard to changes 
m pressure 

In running a cracking plant fitted with a controller to 
maintain a constant gas or spirit make, an unforeseen 
change in condensmg conditions, not allowed for, would 
give a false apparent make of gas and thus upset conditions 
if an mstrument had been set to control the fires to maintain 
a constant gas make without due regard to the eSect of 
changmg condenser conditions 

In the case of orifices used to measure the flow of liquid 
or gas. It IS necessary to assume a constancy of size and 
shape, but this constancy can be, and frequently is, steadily 
interfered with either by corrosion or by some silting up of 
one side, which changes the shape of the pipe, and therefore 
the discharge coefficient of the orifice 

These arc matters well known to people of practical 
experience, but they can be quite annoying factors in under- 
mining people’s confidence in the use of instruments if care 
IS not taken to inspect at sufficiently short mtervals and 
check up on these apparently simple assumptions which 
were made when the instrument was fitted, to make sure that 
they have not changed from them original setting 

In connexion with control mstruments, it is necessary to 
guard against getting a series of controls which are not 
mutually independent, otherwise there is a danger of settmg 
up waves of hunting which can actually be a cause of un- 
steadmess in a plant, when they were m fact fitted to un- 
prove steadmess 

The correct acUon to be taken by a control as a result 
of a condition movmg from a pre-arranged setting has also 
to be considered very carefully m order to get proper steady 
runnmg of the plant 

In the case of a pressure controller, furthermore, the 
results of a collapse of the controlling mechanism should 
be given careful thought A qiute common method of con- 
troUing pressure is to have a valve so fitted that its position 
is mamtamed by the delicate balance of a fixed sprmg 
agamst a diaphragm, pressure bemg mamtamed or altered 
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in the diaphragm chamber by the changes in the condition 
of pressure to be maintained This is often carried out by 
making the temperature or pressure change, which it is 
sought to correct, cause alterations in the air supply to the 
diaphragm chamber and thus move the valve to some new 
position If such a pressure controller is used on a supply 
of gas to a furnace, for instance, it is very important that 
m the event of any interference with the air supply the valve 
shall close, thus cutung off gas completely from the furnace 
rather than collapse to ‘full open’ and thus deluge a 
furnace with gas with the consequent danger of a serious 
fire 

Similarly, if a controller is used to maintain a fixed pres- 
sure m a vessel, it is important to study which is the most 
serious, the boxing-m of the pressure by a collapsing of the 
valve into the shut position, which could obviously be 
dealt with by some form of relievmg valve, or, alter- 
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natively, the complete loss of pressure which would result 
from the coHapsmg of the valve into the open position 

Summing up this brief survey it can be said 

1 Instruments to-day are reliable as such and very good 
servants, properly used they save labour and improve 
products 

2 Care is needed m selection of dato to be observed or 
controlled, and in fitting instruments to really give the 
information required 

3 Care is needed to arrange for safe behaviour in the 
event of unforeseen collapse of the instrument 

4 Particular care is needed to guard against insidious 
small, but growing, errors due to changes m conditions of 
measurement not legislated for, e g coking of thermometer 
pockets, unrecorded pressure changes, silting of orifices, &c 

5 In short, take care of the instrument and the instru- 
ment will take care of the plant 
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ELECTRicm' makes possible the centralization of power 
production with the decentralization of application, and is 
therefore a convenient medium for the efficient uUlization 
of vanous forms of energy 

The conditions governing the design of power-generation 
plants for oilfields and refinenes differ essentially from 
those relating to a pubhc electricity supply station In 
manycases surplus fuel is available, and as a result efficiency 
may not be considered the most unportant factor 

The electrical requirements are wide and varied, since 
almost every operation known in industry is found in one 
plant or another 

Continuity of electrical power supply is important in 
order that stoppages of the vanous processes is reduced to 
a minimum 

There are four ways of obtaming electrical power 

1 Purchase all power 

2 Purchase all power, but mamtain stand-by generating 
equipment 

3 Purchase part of power and generate the remainder 

4 Generate sufficient power m the refinery for all its 
requirements 

With the first method it is essential that power be avail- 
able from at least two incommg power lines, with proper 
protection on each to ensure an unmtemipted power 
supply 

The second method differs from the first, in that the 
stand-by generating equipment is the alternative source of 
power supply and is tied in and floaUng on the hne ready 
to supply power m case the purchased power fails 

Keying processes require considerable amounts of 
steam, often makmg by-product electric power advanta- 
geous For this reason the third and fourth methods are 
recommended In the third case the quantity of process 
steam required produces only part of the necessary electnc 
power, whereas the fourth produces all necessary electnc 
power as a by-product 

A cessation of electneal power supply not only causes 
loss of output, but disorganizes the steady condiuons of 
temperature and pressures of complicated processes, and 
therefore for all such plants an alternative supply should be 
provided The two supplies should be operated in parallel, 
but m cases where this is not possible arrangements should 
be made for automatically changmg over from one supply 
to the other m the event of failure of the supply in use The 
automatic change-over should be earned out within a mini- 
mum period m order to prevent the stoppage of the electnc 
motors In this connexion any no-volt coils used with the 
motor-control gear should be fitted with delayed-action 
devices to ensure that the control switch is not operated 
during the change-over 

Distnbution network design mvolves a balancing of 
secunty and economy This is most evident when the two 
chief types of lay-out are considered, namely, the radial and 
the mterconnected On a large system maximum secunty 
is undoubtedly obtained by an individual transmission from 
the generatuig station to every distnbution centre of a 
certammagmtude With such a lay-out any failure of mam, 


switch gear, or transformer is not likely to affect more than 
the supply to the one distribution centre, and it is advisable 
to make the duplicate supply to each distnbution centre 
automatic The objection to this arrangement is the num- 
ber of feeders required Assuming that spare feeders are 
necessary, from 50 to 100% spare feeder capacity is m- 
volvcd, whereas if groups of distribution centres are fed from 
a common interconnected network a single spare feeder 
may act as spare to several other feeders In the event of 
a failure of protective gear, a break-down on any part of an 
interconnected system may affect every other part Modem 
system design has largely been occupied with seeking means 
for minimizing these disadvantages of the interconnected 
system In general the radial system is to be preferred with 
provision for mutual assistance in case of senous emergency 
and for ease in carrying out mamtenance without having 
to shut down plant 

An electneal power system is made up of many parts, 
and all of these parts must be properly designed and co- 
ordinated with each other if satisfactory and economical 
operation is to be achieved 

The proper development includes the working out of 
the system problems such as limitmg short circuits and 
abnormal voluges, system stability, selective relaymg or 
isolaUon of faults, voltage control and regulation 

The question of reserve capacity and multiple sources 
of supply to the various plants is important for facilitatuig 
easy maintenance and ensurmg contmuity of supply 

The network should be such that the reserve parts and 
feeders are fitted into a unified system m such a manner 
that they can be used to best advantage so that the amount 
of spare capacity is reduced to a minimum Pyramiding 
should be avoided 

The constant growth in the power demands to be dealt 
with in distnbution systems has led to the adopUon of 
generatmg units of increasing capacity For large units the 
capital outlay per unit of power is smaller The larger 
plant has also a better efficiency, so that the service is more 
economical The number of machmes requued for a given 
output IS smaller with such large units, with the result that 
there is considerable savmg m switch gear, &c, and 
simplificabon with regard to operation and mamtenance 

Increasmg attention is now being made to the protection 
of plant The best safeguard for any electnc machine is to 
adopt a substanual design Faults, however, occur, and 
some means of protection agamst them must be provided 
The protective relay should be arranged not only to take 
over the protecUon pf the machme or parts of an installa- 
tion, but also to cause the faulty parts to be cut out as soon 
as possible, so that the remammg parts of the system are 
able to contmue to work undisturb^ under all conditions. 

Where altematmg current is used for electnc power 
distnbution, the standardization of frequency is important 
In Great Bntam, France, and other European oountnes 
so cycles has been adopted as standard, and 60 Qicles m 
Amenca and elsewhere 

Voltages should be selected after a study of ftie economic 
condiUons as determined by a contrast of operating losses 
and mterest on the mvestment m copier oonductois and 
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apparatus when operating at the lower voltages against 
tte lower operating losses and reduced interest payments 
on less copper m conductors, but increased hi|h*voltage 
apparatus costs The economic voltage will in a general 
way vary as the load factor, the capacity of the plant, and the 
distance between the generating station and the load centre 

It is of great importance to adopt or use standard 
voltages, as this promotes interchangeability of plant and 
apparatus In Great Bntain the standard high-tension 
distribution voltages are 3,300, 6,600, and 11,000 volts 
For transmission 33,000 and 66,000 volts are standard- 
ized, with 132,000 volts for mam Imes, hnking power 
stations, &c 

Standardization of high voltages is more advanced than 
that of low voltages A three-phase distnbution voltage of 
400 volts givmg 230 volts between phases and neutral for 
small motors and general electric lighting is now in general 
use In America a voltage of 115 is favoured for general 
lighting and similar applications 

Frequency control is of major importance, since service 
to many classes of load is involved 

The mcreasing use of commercial synchronous time 
clocks requires some method of compensating for accumu- 
lated frequency error To meet this requirement master 
clocks are installed in the generating stations The master 
clocks oflFer a means of comparing the 50- or 60-cycle 
synchronous time to that of a standard timepiece, and thus 
permit periodic corrections by slight changes in frequency 
The master clocks should be checked for accuracy daily 
agamst radio time signals This method of controllmg 
frequency error is very effective 

Choice as to whether direct-current or alternating-cur- 
rent generators should be installed will depend on the 
following 

(a) Capacity of plant involved 

(b) Distance of transmission 

(c) The size of loads and applications 

In general where the installation is of reasonable size 
alternating-current generators are employed, due to 
simplicity of operation and the ease with which static trans- 
formation can be carried out and thus facilitate transmission 
and distribution 

Direct-current machines are seldom wound for a voltage 
above 600, but altematmg-current generators may be 
wound as high as 33,000 volts and for frequencies 25 to 
100 cycles per sec Asa general rule where overhead trans- 
mission IS adopted it is well not to use an extremely high 
voltage for the generators themselves, but to use step-up 
transformers, in cases where extra high transmission voltage 
IS necessary Machmes wound for high potential are more 
expensive for the same capacity and efficiency, but the cost 
of step-up transformers and the losses in these transformers 
are saved by using such machines, so that there is a slight 
gam m efficiency which may be used m better regulation 
of the system On the other hand, lightning troubles are 
liable to be aggravated when transformers are not used, 
as the transformers act as additional protection to the 
machmes, and if the transformers are uijured they may be 
more readily repaired or replaced 

Modem ^tematmg-current generators of the revolving 
field type meet the general requirements of generation for 
mdustrial works 

The standard type comprises levolvmg fidd machmes 
with direct-coupled exciters 

Ventilation is unportant, and special consideration should 
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be given to the importance of oisunng steady and uniform 
distnbution of air throughout the stator, thereby totally 
eliminatmg local heaUng or air pockets, which might lead 
to deterioration of the msulation 
The parallel operation of alternators is a subject which is 
exceedingly complex, and a full knowledge of the type of 
prime mover, its special charactenstics, and the local condi- 
tions are essential m order that satisfactory service may be 
assured 

The inherent regulation of alternators vanes over wide 
limits The regulation is calculated as a percentage nse in 
voltage from full load to no load, assuming constant speed 
and excitation There are at times certain disadvantages 
to be met with in alternators with close regulation when 
required to operate in parallel, and alternators with a wide 
regulation arc often specified for operation in conjunction 
with automatic voltage regulators 
For general distribution ll,0(X)-volt three-phase lines 
meet most requirements, as the erection costs are not 
appreciably higher than those of 3,300-volt or 6,600-volt 
lines, whereas the carrying capacity is considerably greater 
In certain countries types of supports, such as ferro- 
concrete, tubular steel, fabricated steel, &c , must be used, 
but apart from very high voltage transmission, the earliest 
form of support — a creosoted wood pole— is still in favour 
where these are suitable and available 
Various types of conductors have been m general use, 
and although it is difficult to justify any type of conductor 
other than copper on account of its well-known reliabihty 
and high conductivity, steel-covered alummium may be 
suitable m certain cases on account of higher tensile 
strength, resulting in longer span construction and cheaper 
lines with less msulators, and consequently greater im- 
munity from insular failures and hghtning disturbances 
The question whether an earth wire should be erected is 
a controversial one By its elimmation a saving can be 
effected owmg to reduction m size of poles and m cost of 
conductor and supporting fittings, but against this must be 
considered the installation of separate earth plates at each 
support, the resistance of which may be of a high value 
This high resistance may affect the correct operation of 
automatic switch gear and give rise to possible danger to 
human life and property should a fault occur at that point 
An earth wire is recommended for distnbution and trans- 
mission bnes, as apart from advantages indicated above 
the earth wire is undoubtedly of use as a protection against 
lightning 

With a view to reducing the duration of interruptions to 
a mimmum, section switches should be inserted in the lines 
at accessible posiuons and at regular mtervals These 
enable the line to be sectionalized rapidly in the event of 
a fault, and also are useful when carrymg out repairs and 
connecting up of new plant 

For the protecUon of branch hnes, a suitable type of 
pull-down switch gear havmg a movable portion of the 
fuse gear which can be brought down to the ground level 
to enable the fuses to be inserted should be adapted With 
this type of switch gear it is not necessary for the Imesman 
to chmb the pole to replace fuses 
As an alternative to pull-down fuse gear, pole-mounting 
automatic circuit breakers provided with reclosing devices 
may be used The disadvantage of oil switches is that 
mspection, mamtenance, &c , is diflScult unless air-break 
isolators are provided on either side, which, of course, adds 
to the cost At more important control pomts, however, 
there is ample scope for the use of this type of switch 
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The reclosing devices ensure that a circuit breako- is 
not permanently ‘opened’ because of a momentary fault 
The installation of lightnmg arresters or surge ab^rbers 
should only be fitted to important fines in exposed positions 
On apparatus where a failure would be of serious conse- 
quence, le transformer, dividing box, and switch-gear 
insulators, &c , the flash-over value should be increased 
In general, lightmng arresters are not favoured m com- 
pact networks such as met with m refineries In oilfields 
where the network is generally scattered lightning arresters 
and surge absorbers may be used with advantage 
In large refineries it is desirable to run both high- and low- 
pressure mains underground The use of a cable consisting 
of impregnated paper insulation with a lead sheath and steel 
armouring laid direct in the ground is now general 
The cost of an underground system is greater than an 
overhead system, but as a general rule the additional capital 
cost is justified on the ground of less stoppages of plant, 
freedom from lightning troubles, and considerably less 
obstruction in the refinery due to the eliminauon of poles 
and other overhead structures 
In general, all transformers should be of the three-phase 
type and be provided with natural cooling, except in sizes 
above 10,000 k v a where air-blast or other form of cooling 
may be employed above approximately half-load 
On-load ratio<hanging equipment should be fitted to 
all transformers in important sub-staUons The range of 
ratio change to be provided depends on the conditions 
under which the transformera operate In general this 
equipment should be arranged for automatic operation 
When low-voltage auxiliary supplies are requir^ a small 
transformer can be directly connected to the lower voltage 
terminals of the power transformer These auxiliary trans- 
formers are treated as an mtegral part of the main trans- 
formers with which they are associated Each main 
transformer should be fitt^ with a temperature-indicatmg 
device, which registers the temperature of the oil near the 
top of the transformer The indicator can be used to 
operate an alarm or to trip a circuit breaker if required 
In the early days of the application of altematmg cur- 
rents to electncal distribution, the quesuon of voltage 
regulaUon was predominant and transformers even up to 
comparatively large sizes were built with reactance values 
as low as 2% or even less. This practice was quite natural, 
for It was realized that good voltage regulation was desir- 
able, but little expenence had been gained as to the effects 
of short circuits on the system and connected apparatus 
Practice has changed radically, untd to-day the values of 
reactance for transformers are chosen on the basis of the 
mirumum value that will allow the transformer to with- 
stand the mechamcal stresses due to short cueuit, and these 
values are as high as 10% or even 12% In these cases the 
voltage drop that results is compensated for by on-load 
tap-charging equipment on the transformers, or by some 
other form of separate voltage regulator In spite of the 
increased circuit reactance which is now usual, the inseition 
of additional reactance is quite often necessary 
The most usual appficaUon of a current-limiting reactor 
is where the conditions on the system result in a short- 
circuit k V a beyond the rupturing capacity of the installed 
switch gear Much knowledge has been gamed m recent 
years as to the capability of a switch of ruptunng a short- 
circuit current, and in many cases it has been found that 
existing switches do not have the ruptunng capacity 
onginally expected Systems have been extended and more 
generatmg plant installed, thus increasmg the possible 


short-circuit k v a Hence it has been necessary to carry 
out careful investigations into the characteristics of the 
system to determme the relaUon between the worst possible 
fault condition and the capaaty of the switch gear to deal 
with It 

To replace the existing switch gear with new equipment 
of greater ruptunng capacity is often an expensive matter, 
though there may be circumstances when this course is 
justified It may be possible ui some cases to increase the 
ruptunng capacity of the switches by makmg some 
modifications, such as the replacement of exisUng contacts 
with contacts of a later design The usual procedure, how- 
ever, is to install current-limiting reactors, the effect of 
which is to limit the short-circuit current to a value that can 
be safely ruptured by the switch gear 

For general distribution only the mam sub-stations 
should be constructed of brick or stone and equipped with 
oil circuit breakers 

The question of whether outdoor or mdoor switch gear 
should be used depends on cost It has been found m some 
cases that the additional expenses incurred in making 
switch gear suitable for outdoor use is greater than the cost 
of a building 

For situations where a small demand only is anticipated, 
the steel kiosk sub-station will be found to be an economical 
proposition As a general rule, with this type the high- 
tension compiartment should consist of oil-break or air- 
break switch gearforcontrolling the incommg and outgomg 
feeders m the case of nng mams, and air-break isolators and 
fuses for local transformer protection Ample accommoda- 
tion should be provided for the transformer, and provisions 
made for at least a 2S0-k v a transformer, although in the 
initial stage a 100-k v a transformer may only be neces- 
sary For the protection of the outgoing low-tension 
feeders, distribution fuse units will meet the requirements 

The ventilation of the kiosk should be given considera- 
tion, and arrangements must be made to avoid the ingress 
of moisture or dust by providing suitable baffles 

The low cost of installing pole-mounUng transformers 
has resulted in their extensive use for the provision of 
electrical supplies where the demand does not exceed 
100-200 kva 

The sizes and types of transformers should be standard- 
ized, as this permits of transformers bemg moved to other 
locations to meet load demands which may have mcreased 
or decreased 

The transformers should be of robust design, capable of 
Withstanding surges due to switchmg operations and fight- 
mng disturbances, and the msulators should have a higher 
flash-over value than the remamder of the msulators on the 
fine 

Terminals are fitted either on the cover or on the side of 
the tank, but the latter posiUon is preferable for the 
inspecbon of the transformer or c hanging of tappings 

In deciding the system of connexions to be adopted, the 
fundamental and prmcipal factor is to keep the number of 
switch units to a mimmum In large sub-stations which are 
mtercoimected, double bus-bars with bus-bar couplmg and 
secbonafizing cucuit breakers may be required 

High-voltagc switch gear of the open and metal-clad types 
for both mdoor and outdoor services is now m general use 
In the most important sub-stations circutt breakers may 
be remote electrically controlled, the source of power being 
a 1 10-volt accumulator battery for both openmg and closing 
the breakers. The battery capacity required for breaker 
operation, emergency lighting, and indicating purposes is 
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approximately 2S0 amp hr at the 10-hour rate Trickle 
cturging of tmtteries is now used to a great extent 
Hand-operated circuit breakers are used m less important 
unattended sub-stations where the rupturing and current- 
carrying capacity of the switch is sufficiently small to make 
hand-closing reasonably easy In such cases the switches 
are tnpped by means of small 30-volt accumulator batteries 
Portable oil-drying and filtration equipments should be 
used for reconditioning the circuit breaker and transformer 
oils 

In power stations the most important condition to be 
fulfilled IS absolute reliability— this is best attained by 
making switch gear and station lay-out as simple and easy 
to supervise as possible, and also by not attempting to 
crowd the plant into too small a space Only that apparatus 
which IS necessary to satisfy the above requirements should 
be installed A plant laid out on these lines is easier to 
supervise, and not only is the number of mistakes likely to 
be made in operation reduced, but the number of possible 
sources of error is diminished as well 
It IS important to provide the power station with two 
sets of bus-bars which give flexibility to power-station 
operations and constitutes a desirable reserve 
In power stations supplying heavy current at low pres- 
sures, the instantaneous and steady short-circuit currents 
reach very high values, and the switch gear must be designed 
to withstand these mechamcal and elcctncal stresses 
Although apparatus design and construction have reached 
a high standard, it is nevertheless often necessary to reduce 
the values which short-circuit currents would reach by sub- 
dividing the bus-bars and in some cases by adduig reactors 
to the equipment 

When current-limiting reactors are introduced between 
generators or bus-bar sections under normal conditions, 
practically no current will flow through the reactors, and 
as a consequence their presence will in no way affect opera- 
tion However, should a short circuit occur, they will prove 
effective in limiting the current that might flow as a result 
In plants for higher pressures with step-up transformers, 
the working of the generators direct on the low-tension bars 
should be avoided, and the output of the transformers 
should be made the same as that of the generators, so that 
a generator and a transformer can form one unit operatmg 
on the high-tension bus-bars In this way oil switches on 
the low-tension side can be dispensed with The power 
required for the needs of the station itself is in these cases 
tapped from one of the generators, or supplied by an 
auxihary generator or small step-down transformer con- 
nected to the high-tension bus-bars 
Automauc voltage regulation of all the generators 
should be provided 

Generators of small outputs are protected by over- 
current time-lirmt relays Umts for large outputs and units 
working m parallel should be equipped both with over- 
current time-limit relays and with reverse power relays, so 
that if a fault occurs in the generator itself the latter may 
be cut out quickly Differential relays form an excellent 
kmd of protection on account of their very rapid acUon 
To prevent a defective generator from supplymg its own 
fault, the excitation must be cut off unmediately, either by 
the over-current relay, the reverse power relay, or the 
differential relay. For this purpose automatic exciter field 
switches are used. 

For pressures up to and includmg 33,000 volts metal-clad 
switd) gear is established practice, and outdoor open type 
u generally used for highw voltages On metal-clad gear 
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all hve connexions and all insulation are enclosed m earthed 
metal For the purpose of isolation and mamtenance, the 
cucuit breakers are made to withdraw from the bus-bars 
and circuit connexions In all designs of metal-clad gear 
the designer aims to make it unpossible to touch or even 
see a live connexion, by this means he reduces the risks of 
short circuit, prevents danger from shock, and also reduces 
to a minimum the maintenance necessary to keep the 
switch gear in condition 

The great advantages of metal-clad gear is its compact- 
ness, which not only saves space, but allows for easy and 
efficient interlocking, the saving of space bemg due to the 
possibility of reduemg the spacmg and clearances required 
with air insulation 

The bus-bars on metal-clad switch gear are enclosed in 
metal containers The copper conductors are usually 
wrapped with fibrous msulation and submerged in either 
compound or oil Compound has been mainly used for 
this purpose for a number of years, but there is now a 
tendency towards the use of oil, particularly at higher 
voltages Oil has the advantage that it is a better trans- 
mitter of heat than compound, and where bus-bars carry 
heavy currents it allows an appreciable reduction in the 
area of conductor It is usual to keep the oil under a small 
pressure by means of conservator tanks as used on trans- 
formers 

Cellular type gear is switch gear m which the mam con- 
nexions and bus-bars are bare conductors mounted on 
porcelain msulators The whole gear is enclosed m brick- 
work or concrete cells or equivalent, designed to separate 
adjacent switch units The use of complete phase isolation 
by means of walls and floors as followed in cellular con- 
struction does not provide any advantage over the metal- 
clad type of gear mentioned above 

On account of space required and cost of buildings, out- 
door switch gear is generally used for all extra high voltage 
work Open type outdoor switch gear has the advantage 
that above certam voltages there is a saving m cost over 
other types With this type of equipment it is possible to 
space the gear and conductors widely without undue cost, 
and so get security and prevent the spreadmg of arcs and 
fires 

There are, however, objections to outdoor gear It is 
exposed to danger from bghtning and to danger of short 
circuits from birds, &c It is also more accessible to mah- 
cious damage than indoor gear Maintenance is difficult 
in bad weather, and the cost is relaUvely high In dirty 
districts It IS necessary to maintain the insulaUon by fre- 
quent cleaning of insulators 

The following pnncipies should be followed in laying out 
cellular switch gear 

(1) Individual units and equipments should be so 
designed that the risks of break-down are reduced 
to a minimum 

(2) Separation of equipments by barriers and partitions 
so that the failure of one switch umt does not damage 
Its neighbour 

(3) The arrangement of switch units and system con- 
nexions so that one whole group can be put out of 
commission without seriously affecUng service 

(4) To provide means of fighting fire, draining, and 
handhng oil, &c 

(5) To provide for easy and safe mamtenance 

(Q Where necessary to section the switch gear with 
reactors to keep the breaking duty mside the capaaty 
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of the circuit breakers and to mauitam the voltage 
of the system under fault conditions 
(7) To eliminate as far as possible all external inflam- 
mable materials 

The principles governing the lay-out of metal-clad gear 
do not differ from those applymg to cellular type gear, 
except that since metal-clad gear has been shown m prac- 
tice to possess a considerable degree of fire resistance, is 
effectively phase isolated, and offers a much reduced risk 
ui operation, a certain amount of latitude is permissible 
in applying the principles 

Usually the control boards, either of the vertical or desk 
type for remote operation of the mam switches, are provided 
with panels of sheet steel painted with mat finish, whilst 
the instruments, and as far as possible, the apparatus, 
should be of flush type and finished m black with nickel- 
plated edges and surrounds The boards can also be made 
of marble or slate slabs, but the sheet-steel panels are 
preferred 

Closmg by hand of large oil breakers for high voltages 
or current is only possible at considerable expenditure of 
energy, and it often happens that one attendant is not 
strong enough for the purpose In the case of breakers 
employed for synchronizing operations, rapid switching is 
an important condition, and the application of solenoid or 
motor switching-m apparatus is necessary 
As a general rule it is recommended that all high-voltage 
sub-station and power station switch units should be re- 
motely operated 

The protection of electrical installauons has now reached 
a high standard Large financial losses can be prevented 
if the instantaneous clearance of faulty sections and the 
stability of healthy secuons is assured by means of proper 
protecbve devices The total cost of a protective system 
when expressed as a percentage of the cost of the equip- 
ment protected is usually very small and ought to be con- 
sidered as an insurance premium 
Protective systems should be designed so that they will 
operate with reasonable fault settmgs Under average 
conditions with good equipment a fault can be cleared m 
under 0 3 sec , counting from the time when the fault 
current becomes great enough to operate the relays until 
the circuit breakers have opened The rate of nse of fault 
current durmg this penod is so rapid that no relay-tnppmg 
scheme can conceivably cause the circuit breakers to open 
m Ume to hmit the fault current 
The relay settmgs should therefore be adjusted to a value 
that will allow a high stability factor, and unduly low fault 
settmgs should not be aimed at 
With the growth of electrical systems both their routine 
operation and their operation under emergency conditions 
are becoming more complex On large systems it is usual 
to centralize the control m the hands of a control engineer 
Such control deals with the most effiaent generation and 
distnbubon of load and with all important routine or 
emergency switchmg System control is m the process of 
active development m so far as givmg the control enguieer 
more direct supervision of the system than is obtainable by 
telephone methods, and m the control room visual mdica- 
tion of the posibon of the more unportant circuit breakers 
on the system is being provided 
Improved means of electneal communication, more 
stable and efficient methods of feeder protection, reliable 
devices for the mdicauon at any distance of switch condi- 
tions, meter readings, and the hke have resulted in the 


establishment of remote control systems, which are not 
only available at a cost which can be balanced actuanally 
to advantage against saving m labour and other charges, 
but they provide incalculable advantages m the improved 
reliability of the system 

The improved control systems now available are the 
result of development work partly on power networks, but 
mostly in the field of communication engineenng, and 
employ well-known basic methods of signal transmission 
and apparatus well proved in telephony and telegraphy, 
modified and adapted to suit the particular requirements 
of power networks 

In respect of communication and supervisory control, 
the requirements may be summanzed as follows 

1 The passage of instructions between the control and 
subordinate personnel This may be accomplished by. 
(o) Telephone 

(A) Teleprinter 

2 Facilities enabling the control operator to open and 
close switches at distant sub-stations or to bung in 
and cut out generating plant 

3 Automatic mdication to the control operator of the 
position or condition of any piece of apparatus at a 
distant sub-station or generating station 

4 Facilities enabling the control operator to read meters 
at distant stations 

Each of the foregoing services requires a channel of 
communication The channels available employing pilot 
wires may be summanzed as follows 

1 A buried armoured cable 

2 Aerial wires erected on the same supports as the power 
conductors, or on a separate pole line 

3 An aerial cable suspended from a wire attached to the 
overhead transmission-lme supports, or on a separate 
pole hne 

4 Lines forming part of the telephone administration 

In addition to the above, two further means of com- 
munication are available not requiring the use of pilot 
wires, &c , 1 e carrier currents superunposed m overhead 
hnes and radio 

The consideraUon of traffic requirements is important 
One channel may be used for several services arrangmg 
that each service occupies the channel as required Given 
a channel of communicaUon, the character of which will 
permit of its use for telephone or telegraph, remote control, 
supervision, and remote metermg, these four services may 
be operated over the single channel, the technical arrange- 
ments being sufficiently flexible to give any priority 
requued 

The simplest method of obtaming a measure of central- 
ized control of a number of generating stations and sub- 
stations forming an mterconnected network is to employ 
only a straightforward telephone system, and to arrange 
for all operations to be performed manually m accordance 
with mstructions telephoned from the control pomt While 
this procedure may adequately meet the requirements of 
certain networks, it does not provide the advantages offered 
by the more comprehensive systems which can be applied 
to modem plant Further, it mvolves the provision of staff 
at each staUon to cany out the necessary operations, 
whneas by the addition of other faciliUes to the system it 
would be possible to leave many of the stations entirely 
unattended. For instance, the usual operations effected 
sub-station attendants, sudi as opoung and dosuig of 
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switches, the starting and stopping of all kinds of converter 
plant, and the regulation of voltage on both alternating- 
current and direct-current distnbution systems, can readily 
be brought under the direct control of a central station 
It IS now possible to control a switching station or a 
group of remote unattended sub-stations over one pair of 
pilot wires, but in this case the amount of selective equip- 
ment necessary may be such as so far to increase the total 
cost of the system that it would be more economical to 
provide an additional commumcation channel and employ 
less complicated apparatus 

The principles upon which selective systems are based 
are those commonly employed m automauc telephony, the 
signals transmitted over the channel consisting of trams of 
impulses, by means of which standard telephone type relays 
are operated, which in turn control multi-point automatic 
selectors Thus, by combinations any particular control 
gear can be selected and subsequently operated by the trans- 
mission of a further signal or signals 
Apart from exceptional circumstances, it is impracticable 
to carry out operations at a distant point without the aid 
of faciliues whereby the actual condition of the plant could 
be ascertained It is therefore usual to consider remote 
control and remote indication together under the title of 
‘Supervisory Control’ 

By means of the same selective equipment, central indica- 
tion can be obtained, either continuously or on demand, of 
the condition of almost any kind of plant Provision can be 
made for the remote indication of the positions of oil 
switches, field regulators, induction regulators, and trans- 
former tap-changing gear and similar equipment, and 
conditions obtaining in generating stations and sub-stations 
The flexibility of modern systems of supervisory control 
is such that their use is being extended to the remote control 
of pumping stations, all kinds of valves, level indicators, 
and in many other directions 
In the majonty of cases, remote metering is combined 
with remote control and indicauon, and can be introduced 
so that all three services may share one or more channels 
The meter readings are transmitted by trains of impulses 
indicative of the deflexion of the origmating meters either 
contmuously or on demand, as with remote indication of 
switch positions and the like 
The equipment on the control board consists of a dia- 
gram of connexions of the power station and sub-staUons 
with Unking-up network Coloured lamps show whether 
circuit breakers are ‘on’ or ‘oflT’, and instruments provide 
all necessary readings 

For the purpose of considering alternative systems of 
dnve, the plant units m an oil refinery or oilfield may best 
be grouped accordmg to the length of time during which 
they may be shut down without causmg serious mcon- 
vemenoe and/or damage 

It may be taken that m large pipe stills loss of circulaUng 
pumps should be avoided, not only because of loss of out- 
put, but more important is the danger to the distillation 
umt through loss of circulating oil, and also because of the 
extended tune required for restarting 
The various umts may be divided mto four types 

(a) Those which must not on any account stop 

(b) Those which must not stop more than 5 sec 

(c) Those which may stop up to 5 nun , but not longer 
id) Those which may stop for a period of some hours 

without mterfenng with operabons or throughput, 
(a) The only way to ensure contmuity of supply for these 


duties IS to have the pumps in duplicate, each of sufficient 
size to cany the load and drive each pump of the pair from 
a totally diflercnt electrical supply As an alternative, one 
pump steam dnven and the other dnven by an electnc 
motor with automatic change-over would satisfy the 
requirements 

ib) These units should be arranged so that m the event 
of a failure of the electricity supply an alternative electncal 
supply IS automatically switch^ on after disconnexion has 
been made with the faulty feeder The alternative supply 
should be available from an independent source in prefer- 
ence to being taken from another sub-station group 
(f) This should be as (6), but with hand change-over of 
electrical supply, or with using as a stand-by, always kept 
ready for immediate use, a steam-driven pump 
(</) In this case the usual practice is to provide no stand-by 
or alternative supply, but to carry spares for such parts as 
are likely to cause trouble, i e spare coils, &c These can 
be mstalled without entailing a shut-down of the umt for 
more than a few hours 

The pumps most commonly used with electnc drive are 
of the reciprocating, ccntnfugal, and rotary types 
Both motor and pump characteristics must be exammed 
before selection of the proper dnve can be made Where 
constant-speed operation is required, the squirrel-cage 
induction motor or the synchronous motor may be used 
For some constant-speed applications the wound-rotor 
induction motor must be used on account of staitmg 
conditions, power-Ime requirements, or motor size Adjust- 
able-speed operaUon requires a wound-rotor induction 
motor with secondary resistance, a brush-shifting com- 
mutator motor or a direct-current motor 
Reciprocating pumps are of slow speed and are prefer- 
ably coupled to the motors through gearing If the pump 
must be started against full head, the startmg torque must 
be great enough to overcome the load By-pass valves can 
be used to reduce the load until full speed is reached, 
cutting down the torque considerably Vaned capacity 
and pressure require an adjustable-spe^ motor 
Hie squirrel-cage motor is generally used for constant- 
speed operation This motor is manufactured in a number 
of types with starting torques to suit various starting 
conditions 

Wound-rotor induction motors may be necessary for 
driving reciprocatmg pumps where it is desired to linut the 
stalling current 

If the source of power is direct current, a compound or 
shunt-wound motor will operate satisfactorily at constant 
speed 

For centrifugal pumps two methods are m common use 
to secure variable discharge or head — ^throttlmg of the dis- 
charge valve or vanable-spccd motor For constant-speed 
constant-head service the squmrel-cage motor provides the 
sunplest drive 

The wound-rotor motor takes less starting current than 
the squirrel-cage type, hence it is used for larger drives 
It causes a minimum voltage disturbance, which is desuable 
where the source of power is not large 
In cases where sufifiaent generating-station capacity is 
available, or where permitted by a supply authonty, 
squirrel-cage motors should be used for all centrifu^ 
pumps, even up to the largest size, duect-across-the-line 
starters of the hand-operated or automatic type being used. 

The synchronous motor is satisfactory for centrifugal 
pump drives, particularly for slow-spe^ large-capaaty 
umts, and theu high efficiency and leading power factor 
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make them desirable where power-factor improvement is 
necessary 

Brush-shifUng alternating-current motors have been 
found quite successful for ad)ustable-speed service They 
require some form of line switch and a means of shifbng 
the brushes mechanically by a hand wheel, or a small pilot 
motor actuated by remote push buttons 

In the case of rotary pumps the selection of suitable 
motors follows the Imes laid down for centrifugal pumps 

In order to increase the life and considerably reduce 
maintenance costs, all electric motors for operation in dusty 
or dirty locations should be of the totally enclosed self- 
cooled type, having two shells with fan circulation of air 
between them The design should be simple, and such as 
will allow of easily cleaning the ventilating channels 

Motors required to operate in the vicinity of inflammable 
gas need special protective features to mimmize the pos- 
sibility of a fire or explosion caused by a spark or arc, and 
therefore must be of the flameproof and explosion-proof 
type 

As a precaution against fire, pump houses are sometimes 
provided with a fire-wall, with the motors and control gear 
on one side and the pump handkng dangerous products on 
the other side (Fig 1) Whilst this arrangement is more 
satisfactory than having standard non-flameproof motors 
and control gear m the same house as the pumps, it is 
recommended that all pumping units should be placed in 
the open, and only flameproof electric motors and flame- 
proof control gear used The motors and pumps may be 
given sun protection by fitting a light roof In some cases 
It may be desirable to place the flameproof switch gear in 
a separate switch house 

A totally enclosed motor, designed particularly for use m 
explosive gases, generally embodies ‘wide-flange* manu- 
facture This construction involves the use of enclosing 
parts heavy enough to withstand the pressures of internal 
explosions and the use of carefully machined flanged joints 
sufficiently wide to cool the flame of an internal explosion 
to a point where it will not igmte the surrounding gas 
Bolt holes are bottomed m metal No gaskets may be used, 
as these might be damaged or even omitted duruig re- 
assembling of such apparatus The joints must be fitted 
with a sufficient number of bolts to prevent working or 
buckling of the flanges between bolts dunng an explosion 

Units requirmg large electric motors are supplied more 
satisfactorily at high voltage, thus relievmg the low-tension 
distnbution system of load which can be taken by the high- 
tension system 

It IS difficult to give a defimte economic lower limit of 
load for supply at high voltage which would be applicable 
to all systems, but in the case of 3.3(X)-volt distribution 
individual loads of 60 h p and over should generally be 
supplied direct 

Electric motors should be protected by control gear 
havmg overload releases, which are adjustable and able to 
act m a rehable manner at less than 2S % overload This is 
very important where motors are used m dangerous areas, 
as failure immediately to trip the motor on overload will 
result m motor bum-outs with possibility of fire 

The proper type of overload release when accurately 
adjusted to suit the particular conditions will not only 
prevent a complete bum-out of the motor, but by opening 
the circuit breaker give warmng that an overload exists. 

There are three types of proteebve devices for prevenUng 
overloadmg— fuses, thermal devices, and solenoid or mag- 
netic types of overload releases 


Fuses are quite satisfactory for protecting small un- 
important motors in a safe area for lightmg or heatmg 
circuits, but for general motor protection they are not 
advisable 

Thermal devices are extensively used as a method of 
overload protection for small motors These types depend 
for their action on a bimetallic strip, which is heated by 
the current flowing 

The solenoid or magnetic type of overload protection 
IS entirely saUsfactoiy, and can be arranged with settings 
ranging from full-load current upwards, which enables the 
circuit breaker to be tripped at any predetermined over- 
load A retarder or time lag is fitted to avoid tripping due 
to momentary overloads 

All automauc starters should be of the simple direct- 
starting type, and the double-throw auto-transformer 
starter or star-delta type should, if possible, be avoided, as 
apart from high capital cost much less trouble and main- 
tenance charges is experienced with the automatic direct- 
starting starters 

In cases where remote ojieration is not desired and a fire- 
wall with look-out windows is used for separating pumps 
and motors, ordinary hand-operated control can be used 

The following starting methods are m general use where 
for some reason or other universal direct starting is not 
possible 

1 By connecting directly to the line This method is 
ordinarily used only for small motors — those of less 
than h p output — because in starting the motor 
takes an excessive current, and the voltage regulation 
will be disturbed unless there is ample gencratmg 
capacity 

2 The delta-star method of starting motors between 

h p and 30 h p In this case the siator-coil 
terminals are brought out from the frame and con- 
nected to the double-throw delta-star control switch 
In starting the coils are connected in star After the 
rotor has attained full speed the switch is thrown over 
to the running position which connects the coils m 
delta, and normal voltage is thereby impressed on 
them 

3 By using an auto-transformer starter With this type 
of starter a low voltage can be impressed on the motor 
at starting by connecting with a suitable switch to take 
on the auto-transformer This type can be used on 
motors from 30 h p to 80 h p 

4 For starting against heavy loads and m general for 
dnves above 80 h p it is usual to use slip-nng motors, 
havmg a control switch for the stator circuit and a 
rotor-resistance starter With this starker the rotor 
cucuit IS connected to a non-inductive resistance 
which can be varied and gradually cut out as the 
motor attains speed 

Many industnal circuits with a motor load have a lag- 
ging power factor which is often below 80% unless special 
feature motors or equipment are used, and it may be desir- 
able to improve the power factor 

Where the energy used by such motors is charged for on 
a K W H basis only, the use of condensers is advantageous 
mainly from a reducUon of current loading on switch gear, 
transformers, and cables More usually, however, where an 
electric supply is taken from an outside source, a two-part 
tariff built up of a ‘fixed’ charge on a recorded maximum 
demand and a K W H charge is m force. Where such a 
charge mvolves the kilo-volt-ampere demand, mvolving 
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rebates for high power factor and penalties for low, a saving 
can in many cases be effected by installing condensers or 
equivalent apparatus 

The problems encountered in the application of elec- 
tncity m oilfields cover an exceedingly wide ground, and 
their solution vanes according to local conditions 

Frequently one of the greatest difficulties encountered in 
development is that of obtaining a supply of water suitable 
in quality for boiler make-up, or in sufficient quantity for 
condenser circulation, and m this case electricity can be of 
the greatest value by permitting generation to take place 
at any site within a considerable radius of the field which 
offers faciliues for water-supply The water question, of 
course, is not so serious where gas- or oil-generating plant 
IS proposed, and in this case a suitable site central to the 
distribution network should be chosen 


An oilfield load, apart from water pumping, gas com- 
pression, and similar plants, presents a load the centre of 
which IS constantly shiftmg A comparative heavy load is 
taken while a well is being drilled, with peaks during hoist- 
ing operations, but once the oil is reached a small pumping 
unit IS usually sufficient, and in some fields where the oil 
gushes out under natural pressure even this is unnecessary 
until the pressure falls away, when electric pumping may be 
required These conditions are generally met by providing 
hi^-tension feeders throughout the field area and tappmg 
therefrom temporary or semi-permanent sub-stations where 
the power is stepped down and fed to the units concerned 
When drilling is completed, the drilling equipments are 
removed and connected into the power system at some 
other point 




SECTION 38 

POWER AND WATER SUPPLIES 

Power and Water Supplies for Refineries h n swift 



POWER AND WATER SUPPLIES FOR REFINERIES 

By H.N. SWIFT 
Anglo-Iraman Oil Company Ltd 


The initial consideration of these two services for a refinery 
IS governed by the same factors and broad pnnciples that 
pertain to other industrial works, and it is therefore neces- 
sary, first, to tabulate the nature and magnitude of the 
demands Analysis of these, together with the available 
local supplies of water and power, their cost, and the quality 
of the local labour, will then suggest the plants best suited 
for the conditions The consideration of these supplies, to 
be comprehensive, should cover sites where local electricity 
and water supplies are not available and where demands 
of staff and housmg have to be considered 

No attempt has been made in the following pages to 
tabulate costs, as these vary so widely in different countnes, 
but rather an outline of the different alternatives has been 
given for individual assessment A broad tabulation of the 
uses of water and power is given below, as on these the 
ultimate choice of all plants must be based, and this table 
has been made to include the services outlined in the first 
paragraph 

Water Power 

1 Cooling 1 Lighting 

2 Washing 2 Heating 

3 Condensing 3 Fans 

4 Steam-raismg 4 Refrigeration 

5 Fire-fighting S Air compressing 

6 Drinking 6 Distillation 

7 Sanitation 7 Pumping water 

8 Irngation 8 Pumping oil 

9 Transport 

Water 

With regard to drinking water (6), in most countnes this 
IS available from safe local supplies, but if this is not the 
case and the supply is drawn from a river, it may be neces- 
sary to have settling tanks, coagulating gear, and chlonna- 
tion plant, when the capital and running costs will have to 
be carefully assessed 

With reference to irrigation water (8), treatment plant 
or settling are rarely necessary, but the cost of separating 
the distribution from that of the dnnking water must be 
considered 

The quality of the boiler water-supply (4) is a matter of 
some concern also, for with the use of high-pressure water- 
tube boilers the treatment cost of some waters may be 
prohibitive, and the bonng of artesian or other wells may 
be jusbfied 

The cooling, condensing, washing, and fire-fighting 
demands fall generally into the same class, whether drawn 
from sea, river, or well, as to quality, but to give an 
absolutely positive and uninterrupted service, water for 
fire-fighting often has its own supply and distnbuting 
system Depending on the total quantity called for and 
the pressure necessary for this service, a choice must be 
made where alternatives are available from mumcipal, 
river, sea, or well supplies, but it will be appreciated that 
the quality and the relative cost of treatment generaUy 
settle this automatically, and the major decisions become 
ones of plant and possible combinations of the same 

With regard to the choice of plant, the pnme movers 
being governed by practically the same conditions as to 


fuel and site as the power plant, these can be considered 
on the same lines and at the same time, but the speed of the 
type of pump chosen may affect the choice The type of 
pump IS largely governed by the relation of quantity to 
head and the suction conditions, but, generally speaking, 
the centrifugal pump is preferable to the reciprocating or 
the various types of rotary rolling surface pumps, on 
account of first cost, cost of pnme mover, maintenance, 
and reliability 

Before leaving the water question and makuig a choice 
as to the source of supply, the cost of pumping, settling, 
storage, and treatment must be finally assessed 
The relative merits of Zeolite and various chemical treat- 
ments — hot and cold — really do not call for consideration 
at this stage, but rather when the power plant has been 
chosen They should, however, be given cursory considera- 
tion, as if the water is to be used in boilers or in the cooling 
jackets of mtemal-combustion engines, some treatment 
may be justified The delivered cost of salt for regeneration 
and the cost of the chemicals will generally decide this, 
whether the plant be one of the above types or a combina- 
tion of types 

In regard to the ‘hot* process when used for boiler feed, 
this IS intimately connected with contmuous blow-down 
and dc-aeration, and their attendant economies, in fact, so 
great a problem does complete treatment become for 
high-pressure water boilers with heavy make-up that 
evaporators can often be justified to-day 
Chlorination for drinking supplies and perhaps for con- 
denser circulating water must also be considered in costing 
the treatments 

Power 

Having assessed the power demands from the magnitude 
of the users tabulated above, the alternatives of steam, 
steam-electric, gas-electric, Diesel-electric, and their several 
combinations and variations must have consideration 
The refinery demands for lighung, fans, and pumps, 
together with the present-day reliability and easeof distnbu- 
tion of electricity, make it practically certain that one of the 
electric combinations will be chosen The choice of prune 
mover then lies between steam, Diesel, or gas, and generally 
the availability of the fuel settles this in spite of the higher 
thermal efficiency of the Diesel and gas-engine 
In this connexion the efficiency comparison will be 
reversed in favour of the steam-turbine combmation if a 
reasonable process-steam demand can be assur^ and bled 
off from the unit, and also considerable savings will be 
made by the reduction in condenser size and circulatuig 
water quantity for such combination 
The Diesel requires a good fuel with a definite sales value, 
and whilst the same engine can be converted to use gas fuel, 
this takes time, and as gas supplies are generally insufiicient 
and irregular, it has a lunited application only 
The case for the steam-engine or turbme-dnven electric 
generator for a large refinery is strong, because steam may 
be generated with waste gas with heavy unsaleable residues, 
or even acid tar, and these, if so desired, may be used all at 
the same time and ui varying quantities. 
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In addition to the above, the process demand for heating 
steam and small steam pumping umts, &c , in dangerous 
locabons can readily be met by the use of bled-olT or back- 
pressure steam m cases as mentioned above, where a 
reasonable balance can be struck between electricity 
demands and process steam This possibility has led to 
gradually increasing boiler-pressures, and it is fairly com- 
mon practice now to generate with steam up to 600 lb 
pressure and 750° F total temperature, and exhaust to 
process at about 200 lb With steam under these conditions, 
modem boilers and turbines give a reasonable efficiency, 
which, taken into consideration with the cheap fuels indi- 
cated above, offer a very attractive proposition 
From a first cost point of view, the speed of the modem 
turbme keeps generator and gear costs down far below 
those of the Diesel, and balances to a small degree the cost 
of the boiler batteiy 

The above remarks, it will be appreciated, apply to the 
refinery main generators only, and must be balanced care- 
fully m coimexion with the water demands For a rehnery 
with a heavy demand for condensing water at the turbines, 
with low process steam requirements and a limited supply 
of raw water, the Diesel or gas-engme will have a very 
strong case on account of their reduced water consumption, 
if this is not outweighed by the multiplicity of units neces- 
sary to carry the load 

For isolated units, compressing plants, &c, with no 
demands for heating or back-pressure steam, the high 
efficiency of the Diesel and gas units again attracts atten- 
tion, and It must be borne in mind when considcnng these 
that in addition to the slow-speed, horizontal, high-com- 
pression type, it is now practicable to get these engines in 
vertical units running from 500 to 1,000 r p m according 
to size 

In refineries adjacent to oil-wells or where dome gas 
at pressure is available, small turbines are to-day mn 
expansively on gas and give trouble-free operation 
If, then, we consider a reasonably large power station 
with high-pressure steam-driven generators, to get eco- 
nomic stand-by conditions, the visualized load should 
be divided by two, and three units of this magnitude 
installed, two working and one stand-by It may be noted 
here that steam sets will run 9 to 12 months for 24 hours 
a day without change-over against, say, 1/2 weeks for the 
Diesel and slightly longer for the gas-engine 
The size of the condensing plants and the circulating 
water demands may then be decided upon, the former 
dependmg on the ratio of steam required for electnaty 
generation to that required for process, and this may m 
some cases be helped by drawing current from an outside 
source or adjusUng the process demand by the use of high- 
pressure steam and/or accumulators 
With regard to the boilers, our choice is limited by their 
size and pressure, together with the quahty and amount of 
the make-up For a station with an output of 12,000 kw 
and a 3/400,000 lb per hour demand for steam, the size of 
the boiler chosen will probably be above 80,000 lb per 
hour capacity, and therefore the straight-tube vertical type, 
with Its advantages m cleaning, mamtenance, and inspecuon, 
will be ruled out for manufactunng reasons Working at 
high pressure and with back-pressure 600 lb and 200 lb 
lespe^vely, Lancashire boilers will also be ruled out for 
pressure reasons, apart from then small maximum outputs, 
whilst with regt^ to the smoke-tube type, pressure and 
scalmg difficulties will render than undesirable. 

The final dioice, then, will probably he with the bent-tube 
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type m, say, 100,000 lb per hour units, due to its low mitial 
cost, reliability, and low maintenance 
For auxiliary or supplementary purposes, m the case of 
batteiy evaporations up to 100,000 lb per hour, and with 
bad water, the Lancashire boiler stands alone, in that it will 
evaporate untreated water with a reasonable efficiency and 
safety factor If the dish-ended type be used, scaling is 
readily dealt with, and the battery may in effect be the means 
of supplying the main boilers with distilled feed make-up 
to some extent 

Efforts have been made from time to time to improve 
the accessibihty for cleaning of the smoke-tube and loco- 
motive types of boiler, but the use of these is confined 
generally to sites with good water, and even then they offer 
no advantages over the water-tube or Lancashire boiler, 
other than in the cost of foundations, or m the latter case 
foundations and settings In the former type the extra cost 
IS very little, and in the latter it may be minimized by the 
use of steel casings 

If the type of boiler chosen, then, is the water-tube of the 
bent-tube type, it will be found that higher efficienaes and 
less maintenance will be obtained if forced draught is used, 
and as the boilers will probably be working with at least 
two types of fuel and a poor class of labour, automatic 
control will be justified Tffis may, for simplicity, be applied 
to the feed, the fuel, and the flue dampers only, the latter 
two are regulated from the pressure of the steam, and apart 
from labour economies, the staff" will be enabled to operate 
far more efficiently and economically 
Boiler-feed water regulators are a great asset, and both 
these and controllers are now available in types to which 
no objections as to lag and hunting can be taken 
Very few other instruments, apart from level gauges, 
pressure gauges, thermometers, COi recorders, and indi- 
vidual boiier-load indicators, can be justified, although with 
this type and size of boiler the former may have to be of the 
distant-reading type 

The modem feed pump has very few limitations and is 
a disUnctly reliable unit, and the old rule of dividing the 
load by two and mstallmg three umts also applies here 
The type installed m a batteiy of this magnitude varies 
very little, except as to prime mover, the centrifugal — 
owmg to Its quanuty-pressure ratio, ease in paralleling, 
flat pressure curve, and absence of vibration— holds the 
field apart from its low first cost 
With regard to the prime mover, the speed of this type 
of pump suggests a steam turbine or electric motor, and 
the possible use of the turbme exhaust for feed heatmg, 
considered with the simplicity of the machine, the fewer 
hnks between fuel and work, and its ease of automatic 
control, render it the most popular 
It IS not proposed m this broad consideration to go into 
the quesUon of de-aeraUon, evaporators, and closed-feed 
circuits, except to say that the return of condensate from 
process renders this a defimte problem and that some 
de-aerabon will be required 

With the feed considerabon is tied up the quesbon of 
conbnuous blow-down on the boilers As it is now possible 
with conbnuous blow-down and careful feed treatment to 
keep boilers on steam for penods up to 4,000 hours without 
runnmg mto dangerous concentrabons, it has now become 
general pracbee to adopt this and to link it in with a hot- 
feed treatment and fla^ recovery. This treatment, how- 
ever, need not be regarded as fi^, for the advocates of 
water condiboiung can with many waters justify addibonal 
treatment with Zeohte or altemabves It must be realized 
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that with boiler pressures above 230 lb per sq in with 
certain waters there is a nsk of caustic embnttlement, and 
that concentrations must therefore be kept down, and the 
combmed carbonate hydrate to sulphate ratio of the feed 
must not exceed 1-3 

Whilst comment on the superheaters has been left until 
now, the troubles experienced are so important that it is 
a moot pomt with gas and liquid fuel if the integral super- 
heater must not give way to the independently fired unit. 

With varying boiler demands and total steam tempera- 
tures m the region of 750° F it is difficult to attam and keep 
a steady degree of superheat apart from steam-quantity 
vanaUons, and even with a radiant element in the com- 
bustion chamber, a rapid falling off with consequent loss 
of turbme efficiency is experienced at light loads This, it 
will be appreciated, is not so with uidependently fired 
superheaters, which also lend themselves admirably to 
automatic temperature control, and are not so readily 
affected by pnming This latter point often becomes a 
major issue with modem rapid-circulation boilers, and tune 
is well spent in considering the many bafflmg and drying 
devices now available for fitting in boiler drums 

The question of burners must obviously be one for de- 
tailed consideration with the actual fuels being consumed, 
but no difficulty need be anucipated m getting com- 
bined burners for gas and oil fuel, or for acid tar, or, if 
desired, for pulverized fuel 

Generally speaking, with boilers of the magnitude of 
those at present under consideration, in fact down to 
batteries of 100,000 lb per hour evaporation, there is no 
alternative to the pressure system for firing bquid fuel, 
and this is best combined with the conUnuous circulation 
of the fuel and. if necessary, a heater 

The question of safety m cases of possible cessation and 
restart of the gas supply is generally met by the fittmg 
of pilot oil-bumers, so placed as to fire the incomuig gas 
immediately, whilst on many installations, apart from the 
usual explosion or relief doors, it is usual to so arrange 
the flue dampers on a unit in commission that they cannot 
be shut, and to arrange all soot blowers inside the casmg 
and for external operation 

Whilst dealmg with the flue condiUons, the construction 
of these and the boiler casings can well be considered. 
Depoiding on the cost of refractories and brickwork, there 
IS much to be said for 3-in firebnck-lmed, steel circular 
flues, as these are cheap to manufacture, easy to support 
and maintam, and free from air leaks and cracks, such as 
must develop to the detriment of draught conditions in all- 
bnck flues 

With regard to boiler casmgs themselves, m these days 
of water-screened combusuon chambers it has become 
possible to cut the boiler brickwork to a minimum and use 
hght steel-cased boilers with an asbestos packing between the 
casmg and the firebrick Asbestos is mentioned specifically, 
as the bnttle nature of slag wool and glass silk renders them 
unsuitable from their tendency to powder and pack hard 
behmd the lower plates, even to the extent of bul^ng them 

Air preheaters and economizers will probably bejustified, 
and these must therefore be considered with the relauve 
flue exit and feed conditions 

Leaving the boiler house and coming to the turbme or 
power house, it is necessary to consider the type of turbme 
The old controversy of impulse or reacuon n^ not cause 
any anxious thought, for this matter has now settled itself, 
and the blade clearances bemg ample and safe, steam 
consumption then becomes the iiiiuor issue This, it is dear. 


must mclude all auxiliaries, and in nearly all cases tenderers' 
figures will require adjusting 
The case for the self-contained non-basement type of 
machme hardly arises with outputs such as are here under 
consideration, and is certamly niled out if draw-off sets are 
to be installed with, say, two sizes of condensers, but it 
should be borne in mmd that m other cases the fixed ratio 
of speed to the turbine of the circulatmg water and extrac- 
tion pumps may be a great disadvantage, and that the drives 
of the auxihanes are fruitful sources of trouble 
In connexion with the circulating water, it will probably 
be found preferable to continue the normal practice of each 
machine havmg its own pump on account of the higher 
pressure on the process water-mams and the fact that the 
water may reqmre treatment, but this choice will be depen- 
dent to a large degree on the suction conditions 
The question of strainers and settlement can well be left 
at present for consideration with the equipment of the mam 
refinery water pumping station, which in riverside sites may 
be adjacent to. or actually part of, the power station 
Other pomts arising m the power stauon are type of 
building, lay-out, foundations, hghtmg, rail access, cranes, 
air conditioning, metering, and staff accommodation 
The type of buildmg should be spacious, whether m a 
temperate or tropical climate, as the effect on efficiency and 
personnel is great, and in the event of overhauls there should 
be ample room to dismantle and lay out any unit in the 
house without impedmg rapid and easy access to the rest 
of the plant m emergencies If the house and plant are of 
the basement type, the wells should be extremely liberal in 
size, as apart from access the light value is such that some 
modem stations appear to have the turbmes on platforms 
rather than the condensers m wells The switch gallery, 
smee the introduction of remote instruments, need not be 
such a feature, but in the case under review, unless elaborate 
metermg for refining cost subdivision is insisted on, the old 
type of raised gallery is recommended 
With regard to the bmlding proper, m industrial units 
hghtmg and efficiency should never be sacrificed for appear- 
ance, and therefore m temperate climates hberal window 
space should be the rule. The materials will, of course, be 
settled by local supphes, but a steel-framed bnck building 
is all that can be desired 

Laj-out The question of basement or non-basement 
machines referred to above settles to some degree the lay- 
out, but consideration must be given to access between the 
boiler house and power staUon, if these are in separate 
buildmgs, and to the siUng of hot-well de-aerators and other 
auxiliaries, both from the supervision and operating point 
of view A good arrangement is to have the boilers face to 
face with a central finng aisle leading direcMy into the end 
of the power-stauon building and remote from the end 
with the railway entrance 

The feed and fuel pumps, de-aerators, and possibly the 
hot wells, could then be sited m the firaig aisle or in an 
annexe to the power house to suit the method of super- 
vision adopted The orientation of the sets, diagonally, 
longitudinally, or transversely, is then settled ity the dimen- 
sions of the units and the available space 
The crane ui a three-set stauon need rarely be electncally 
driven with the liftmg and traversing speeds now general 
with hand-operated units, but if the stand-by posiuon is 
worse than this, then a power crane is often justified. 

The disposiuon of the auxihaiy unitt, such as ejectors, 
circuiatmg pumps, extraction pumps, ventilating plant, 
&c , is subservient to the set desijpier*s demands, s^ apart 
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from accessibihty for repair and observation does not call 
for much consideration 

The effect of automatic and/or remote control on the 
lay-out is not drastic, if indeed it is used, for whilst in 
America it has made great headway on account of hi^ 
labour costs, in England and on the Continent its use is 
more or less confined to very large stations 
With regard to foundations, it cannot be emphasized too 
much that great care must be exercised as to the bearing 
value of the ground and the quality of aggregate used 
These remarks also apply to the chimney foundations, and 
whilst little has been said up to now as to the chimneys, 
unless architectural amenities have to be observed, the steel 
self-supporung type is the most economical, and it should 
always be fitted with a safety ladder and slings for painting 
In this connexion it is well to consider the fuel bemg 
used, as with many fuels the sulphur content and flue-gas 
temperature are such as to justify luung the stack with 
refractory material to its full height 
With regard to the lubricating oil used m the main tur- 
bmes and auxiliaries, it is now almost standard practice to 
run a portion of the oil in circulation continuously through 
a centrifuge or pressure filter 
Decisions havmg been taken on the above basis, the 
magnitude and nature of the auxiliary services, and par- 
ticularly the water service, can be assessed 
This bemg done, a decision as to the necessity, or other- 
wise, for coolmg towers must be made This choice is 
affected by the local climate together with the source and 
magnitude of the water-supply, apart from the miyor com- 
parison of pumpmg and transmission costs versus tower 
or tower and fan-power costs When this decision has been 
taken the water-pumpmg plant may be chosen 
A decision, based principally on the distance of the 
supply from the main users, must now be made as to the 
pnme mover, and if the magnitude of the demands is such 
as to justify an independent station, the fewer links between 
fuel and the live water-mam will generally clinch the matter, 
and the pumping station will not be motor dnven, but 
entirely ^stinct and independent of the power station, 
even to the extent of boilers if a steam station is adopted 
The available fuel will probably weigh against the more 
efficient Diesel once more, and as for distribution in quan- 
tity at pressures of 100 lb persq m and over, the quanuty- 
pressure ratio will agam justify the centnfugal pump, and 
the choice of prime mover may well again be the turbine 
This deasion permits a small compact and highly efficient 
automatically controlled plant to be mstalled entirely mde- 
pendent of the refinery power station, and unaffected by 
process demands, fires, or electrical storms 
With regard to the boiler plant, the decisions made for 
pressure and superheat will apply again, as, for the probable 
size of boiler, 600 lb is quite a reasonable pressure and 
750° F IS as high as practicable with the metals at present 
available 

In this case, unlike the last, bled-off or back-pressure 
steam, with or without accumulators, should not be con- 
sidered if the plant is to be independent of process fluctua- 
tions, but consideration may be given to the waterworks 
type of condenser. 

It IS not proposed here to go mto the suction condiuons 
m detail, suffice it to say that turbmes are applicable to 
vertical spmdle or horizontal pumps, and that long sucuons 
reqmre carefiil design, straight runs, low water velocities, 
hberally sized stramers, and the avoidance of valves and 
possible air leaks. 


In decidmg pump speeds— particularly with large units — 
advantage should be taken of recent papers and Amencan 
research on the effect of speed on cavitation or erosion, 
as otherwise heavy maintenance costs will be incurred, 
but with any size of umt it will be found necessary to mtro- 
duce reduemg gears to run the turbine at an efficient speed 
In this connexion no trouble need be anticipated wifii the 
gears, even with ratios as high as ten to one, for modem 
design and gear cutting is such that noiseless and effiaent 
operation can be guaranteed 

The circulatmg water and extraction pumps in this case 
can with advantage be driven by a separate turbine like the 
feed pumps, and these with automabc control will give httle 
or no trouble 

The boilers for this plant will obviously be smaller sized 
umts than those at the power station, but for the pressure 
under review bent-tube boilers will offer many advantages 
and be the most econonucal 

Further economies may be obtamed if, say, for use at 
stand-by or cleanmg periods, a steam line to the power- 
station boilers be installed to pool the reserve between the 
two batteries 

Continuous blow-down with heat recovery and a hot-feed 
treatment may be installed, or the small make-up required 
may be taken from the power-station water softeners 

The question of mduced draught may be considered here, 
but It will probably agam be found that forced draught 
gives the best economy for the least capital expenditure, 
and that the use of cheap and/or sulphurous fuels prevents 
this and many other finer economies from being economic 
propositions 

Another point to consider is that there is probably a 
mimmum height for safety beyond which it is unwise to 
reduce chimneys near or m a refinery area The lay-out of 
the buildmg and the crane equipment will be governed by 
the same general pnnciples as the power sUtion, which need 
not be recapitulated 

In considermg the use of preheaters and/or economizers 
at this stauon or the power station, it is well to examine 
the probable sulphur content of the flue gases in relation 
to the exit temperatures, as corrosion may result m any 
fuel economies bemg negaUved by mamtenance costs 

In completing the specifications for these two stations. 
It IS worth while fixing a colour range for distinctive pamt- 
mg of the raw water, treated feed, high-pressure steam, 
low-pressure steam, and fuel Imes, together with a standard 
opening rotation for valves 

It IS also now general practice to permit the extensive use 
of welding for piping and vessels to a firm specification and 
under good supervision 

The fire service of an oil refinery, bemg perhaps the most 
Vital plant, demands careful consideration, but it is not pro- 
posed here to go into detail as to the numbers and types of 
hydrants, foam systems, fire-station mobile equipment, or 
fireless locomotives in dangerous areas, but only to discuss 
the mam supply and distnbuUon of water at pressure. The 
pressure, adequate to serve the highest unit in the re- 
finery, and the maximum estunated rate per mmute havmg 
been decided, the lay-out and size of the distributing mams 
should be settled, using as far as possible a rmg mam 
principle to reduce pressure drop and to give a two-way 
supply. It IS often wise to keep this system mdependent m 
all ways ftom other refinery services The pipe system, the 
pumps, and their pnme movers should all be confined to 
this specific duty, and if steam is used, it should be made 
possible to isolate a boiler for the service m emergency 
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In choosing the prime mover for this duty, the usual 
considerations will not apply, but rather the siting of the 
pumps and the facihty or speed at which they can be 
brought on load Here, again, steam has many advantages, 
and it IS possible, with very httle cost, to keep a turbme or 
engine constantly warm and drained ready for action at 
the mere tummg of a hand wheel. 

In some refineries the magmtude and reliabihty of the 
ordmary water service is such, thanks to the number of 
pumps on stream and its mdependence of the power sta- 
tion, that the fire pump or pumps may be boosters only 
Effioency would appear to have been neglected m many 
of the suggested plants, but where this has not been ruled 
out for simplicity, safety, and absolute reliability, it is on 
account of the reduced savmgs due to the use of otherwise 
unsaleable fuels In some refinenes or districts, however, 
where the residues ate saleable and the gas supply very 
inadequate, there is no doubt that a case can be made for 
a Diesel*electric station, or even for bulk electnc supply 
In the former case the station load should be earned m 
such a manner that m the event of a major overhaul of one 
of the sets it is still possible to release a set for routine over- 
haul about every 3 weeks and still carry the full refinery 
load In this way the engines will continue to develop their 
maximum efficiency for long periods without expensive 
replacements 

The circulating water for these sets is well worth careful 
attention, as in spite of thermostatic control and hberal 
coolmg a simple treatment is often justified 
The Diesel type of unit can to-day be obtamed m very 
large horse-powers, but its use is generally confined to small 
generating stations, as the use of Diesel generators above 
1,500 kw IS unusual and expensive It will be appreciated 
in this connexion that for a station approximating 
10/20,000 kw capacity this would entail an undesirable 
multiplicity of sets runnmg at relatively slow speed, with 
consequently heavier capital and running costs 
The above remarks also apply to the gas engine if a con- 
stant fuel supply of adequate magnitude is available 
The justification of instruments for mcieased efficiency 
and departmental costing is, of course, purely a matter of 
capital outlay and becomes more difficult as fuel values 
decrease, but their use for automatic control and ease of 
operation can often be justified on account of labour costs 
and reduction m mamtenance 
Little need be said about water settlmg, as it is rarely that 


this IS necessary except for dnnkmg, and perhaps in bad 
cases for boiler make-up water, as the equipment will be 
relatively small and can be made smaller still by the use of 
a coagulant 

In conclusion, it may be said that the design and choice 
of power and water plant for refinenes are governed by the 
same prmciples as those for public authonties and industrial 
factories, and that it is m the practical application of the 
differing demand and local conditions that care must be 
exercised, for it must be realized that only the pnee per kw 
per gallon of water or per lb of steam will justify the choice 
of planU, and that the capital and mamtenance charges are 
the major items in the costing of these services 

With regard to the modem trend towards the super-boiler, 
these can rarely be justified for refinery operation, as the 
mcieased efficiencies become merely a fuel savmg, and this 
saving with cheap and often unsaleable fuel does not pro- 
vide a sufficient credit to balance the enhanced capital cost 
Apart from this, the site is not usually congested, and the 
value of the space is generally low in comparison with ships 
or town sites 

Another of the advantages of some of these new boilers 
IS the rapidity with which they can be brought on to steam, 
but this IS discounted in refinery operation, as the load curve 
IS extremely fiat and some notice is always possible of a 
heavy increase in demand 

Passing mention has also been made of pulverized fuel, 
but this, of course, could only come into commercial con- 
sideration if a good market for the refinery residues were 
obtainable and slack or cheap coal refuse were available 
locally 

With reference to safety precautions generally where con- 
tinuity of operation is so vital, electrical development has 
been such that it is now possible to get reliable visible 
and/or audible alarms for practically all services, and remote 
or push-button control for essential valves or auxilianes 

With general reference to modem turbine design, the 
pnncipal features of interest to the refinery engineer are 
the more general use of stamless steel, the displacement of 
the old type air pumps, and the better lubricating od and 
govermng equipment In fact, engineenng progress to date 
IS such that reasonable efficiencies and 363 days per annum 
operation can be guaranteed for any refinery if reasonable 
care is expended on the choice of plant and stand-by 
equipment 
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The petroleum industry annually suffers an important 
economic loss through the destruction of oil m storage by 
fire Probably no other single factor has been responsible 
for so many fhes, or for the physical destruction of so much 
crude petroleum, as lightning, and protection against this 
natural hazard constitutes one of the most important cor- 
siderations m the construction and lay-out of oil storage 
farms In the present article explanations are given of the 
several ways in which lightning and static electncity may 
igmte oil in storage, and descriptions of various devices 
that have been adopted and precautions that may be taken 
m minunizing the nsk of fir^ from these sources 

In considermg the means available for electrical protec- 
tion, we must differentiate between the various types of 
contamers in which crude petroleum may be stored and 
the character of the oils Most crude oil is now stored in 
large all-steel tanks with vapour-tight accessories which 
present a comparatively small fire hazard However, there 
are still many older tmiks m use which were constructed 
with wooden or composition roofing on a steel shell These 
are not vapour-tight and are easily igmted under proper 
conditions Some of the most disastrous oil fires have 
occurred m large concrete-lined oil storage reservoirs Such 
contamers cannot be made vapour-tight, and because of 
the very large quantity of oil stored under one roof present 
a senous fire nsk unless proper precauuons are taken, 
particularly m storage of oils of high volatility The less 
volatile oils, which do not yield inflammable vapours at 
normal storage temperatures, are not likely to become 
Ignited m any type of storage contamer 

Conditions attending Oii Storage 

To better understand the precautions taken and pro- 
tective devices employed m safeguarding stored oil from 
destruction by fire, it is desirable to briefly review the con- 
ditions attendmg storage Storage ‘farms’ usually com- 
pnse a number of storage contamers, either tanks or 
reservou^, or both, spaced as closely as security against 
spread of fire from one contamer to another will permit 
Earthen fire walls are generally constructed about each 
container to restrict flow of bunung oil from one contamer 
to another m case of collapse of a tank or 'boil over’ of 
the tank contents m time of fire Storage units are of large 
size, tanks of 55,000 to 80,000 bbl capacity bemg common, 
while reservoirs range m capacity from about a quarter of 
a milhon to more than 4,000,000 bbl In some instances 
many millions of barrels are in storage on an area of but 
a few hundred acres 

The most common type of storage contamer is the steel 
tank, which consists of a vertical cylmdneal shell and flat 
bottom made up of riveted steel sheets The roof is usually 
corneal m form and of low pitch or slope from a central 
peak to the eaves where it is attached to the top of the 
cylmdneal shell Diameters and heights vary with the 
capacity, a 55,000 bbl tank bemg 117 ft m diameter and 
29 ft high at the top of the cylmdneal shell, while the 
80,000 bbl tank is 42 ft high and has a diameter of 117 ft 
Some storage tanks are equipped with special forms of flat 


roofs, designed to prevent evaporation losses ‘ Water-top * 
and ‘floating-roof tanks are of this type, but these special 
forms are more widely used in the storage of refined and 
semi-rcfined products of high volatility than for crude 
storage Conventional conical roof tanks vary chiefly in 
the type of material used m constructing the roof and the 
precautions taken to avoid vapour loss through the hatches 
and about the eaves Modem tanks have nveted sheet-steel 
roofs resting on steel supports with vapour-tight fittings 
and securely riveted around the edge to the top of the 
vertical cylmdneal shell A cheaper roof construction 
makes use of timber supports and a roof of wooden sheath- 
ing covered with roofing paper, composition sheet roofing, 
or thin sheet metal Such roofs are seldom vapour-tight 
about the eaves, and it is difficult to make the sheathmg 
and Its covering secure against gas leakage along the many 
joints 

Oil storage reservoirs are usually constructed within 
earthen embankments, and hned with several inches of 
reinforced concrete The greater part of the reservou is 
generally a depression below the prevailmg earth surface, 
so that the sloping walls require no support and the roof 
is at an elevation of but a few feet above the surrounding 
terrain Reservoirs are usually round or oval in horizontal 
projection, the actual dimensions varymg with the storage 
capacity The smaller circular reservoirs are 250 ft or more 
m diameter, and the larger elliptical tanks range up to as 
much as 1,425 ft along their major axes Depths of oil in 
storage in these reservoua range from 20 to 41 ft The 
reservoir bottoms are usually nearly level, sloping only 
shghtly towards a drainage outlet at one point near the 
side wall The sides range m slope from 1 to 1 to as much 
as 2i to 1 The roof is customanly of wooden sheathmg 
resung on timber supports and covered with roofing paper 
or composiUon sheet roofing To facihtate drainage, the 
roof has a low pitch from a shghtly elevated central peak 
Such roofs are seldom if ever vapour-tight, it bemg parti- 
cularly difficult to secure a gas-Ught jomt about the eaves 

Temperatures of oil in storage will depend upon climatic 
conditions and upon precauUons taken to insulate the 
contents of tanks from exterior heat White or alumimum 
pamted tanks have lower mtenor temperatures than tanks 
pamted with black orother dark-coloured paints Tempera- 
tures withm oil stored in reservoirs pardy below ground 
surface are likely to be lower than m above-ground steel 
tankage IrrespecUve of all precauuons that may be.taken, 
storage temperatures are usually hi^ enough to permit of 
vaponzaUon of the more volaUle consutuents of the oil, 
which accumulate m vapour form m the space between the 
tank roof and the surface of the stored oil With changes 
in temperature such as occur between day and mght, vapour 
IS alternately expelled and air drawn m through any open- 
mgs that pemut of movement of gas through the tank roof 
or about the eaves Thou^ the differences m pressure 
between the vapour space within the tank and that of the 
atmosphere without are shght, it is very difiScult to prevent 
loss of vapour through minute crevices and openmgi as 
a result of this ‘breathing’ acuon of the tank with changes 
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in temperature Where the more volatile crudes are stored, 
the space above the oil surface m a tank or reservoir is 
nearly always filled with hydrocarbon vapour under a pres- 
sure slightly above atmospheric, and the surroundmg 
atmosphere above the roof surface and about the roof 
hatches and vapour vents may contain sufficient vapour 
to present a distinct fire or explosion hazard Withm the 
vapour space below the roof of the tank there may be 
msufficient au* to form explosive mixtures, or even to sup- 
port combustion, but the presence of a large volume of 
vapour capable of explosion or combustion on admixture 
with proper proportions of air is a potential hazard in the 
event of damage of the tank by lightmng 

Ignition of Oil m Storage Containers by Lightnug 
and Static Electncity 

As is well known, lightning discharges are the result of 
accumulation of high differences in electrical potential 
between cloud masses or between the earth and electrically 
charged cloud masses When the differential potential is 
sufficiently great, a discharge of electricity will arc across 
the intervemng air, giving rise to the phenomenon known 
as ‘lightnmg’ Smee a hghtmng discharge results in a very 
rapid release of energy, usually concentrated along a very 
narrow path and on a small area, its effect may be violently 
destructive The discharge naturally follows the path of 
least resistance and is often circuitous For many years it 
has been known that grounded metallic objects provide 
a path of low resistance for lightning discharges, hence the 
use of ‘lightning rods’ in seeking protection of buildings 
and other structures from the destructive effects of light- 
ning 

While steel oil-storage tanks and the steel remforcing 
mesh of concrete-Lned reservoirs are usually well grounded, 
and would no doubt m most instances form a likely point 
for grounding of electncally charged clouds in the vicimty. 
there are very few known instances m which tanks or stored 
oil have been destroyed by lightmng strikmg the tank or 
reservoir directly Usually when oil tank and reservoir fires 
have accompanied electrical storms, other near-by objects 
have been ‘struck’, or the discharge has been between 
overhead cloud masses 

The probable explanation of the many tank and reservoir 
fires that have occurred at such times lies in the known 
development of mduced static charges that build up on the 
exposed tank and reservoir surfaces These mduced charges 
possess voltages sufficiently high to arc across intervening 
spaces between insulated or imperfectly bonded portions 
of the tank or reservoir roof Since these same spaces 
afford paths of escape for hydrocarbon vapours com- 
mumcaUng with the vapour space within the tank, the 
condibons favour ignition of the gas or perhaps explosions 
of air-gas mixtures of sufficient violence to damage the 
roof plates and release large quantities of stored vapour 
from the space below Only by igmtion of hydrocarbon 
vapour above an oil surface may the oil itself be ignited, 
and the vapour will only ignite in the presence of sufficient 
air to support combustion and only by a flame or suffi- 
ciently hot spark 

It has been experimentally determined that it is impos- 
sible to produce, by extenor forces, a difference in potenUal 
between two objects withm a completely enclosed metal 
tank. Hoice, such fires as occur withm steel storage tanks 
have their ongm outside or between the roof plates or 
different layers of roofing material, and are transmitted to 
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the vapour space withm, along a vapour-filled channel of 
commumcation Tests have also mdicated that the oil and 
associated vapour have no direct function in the develop- 
ment of conditions which bring about or promote electrical 
discharges Theu- igmtion is accomplished only by electri- 
cal discharge between surrounding objects 
Static charges may be developed on an oil surface within 
a tank or reservoir by rapidly flowing or spraying oil into 
the vapour space of a tank, as may sometunes happen when 
oil enters, perhaps with some occluded gas, through an 
‘ over-shot ’ lead Ime entermg the tank through a roof hatch 
Static electricity, of this kind, of course, is of frictional 
ongm and is in no way related to lightmng discharges or 
secondary charges mduced by electrical atmospheric con- 
ditions Static charges on the surface of a large area of oil 
may not be promptly drained away, and if by any means 
a conducting medium should suddenly ground this charge 
through the roof or shell of the tank, static sparks are 
possible Such a conducting path may be provided by 
lowering a steel gaugmg tape through a gauge hatch in the 
tank roof Injecting steam into oil tanks for cleamng or 
other purposes may also be responsible for building up 
static charges on the oil surface within the tank It is con- 
sidered improbable, however, that many tank or reservoir 
fires have originated through frictional static electriaty, 
particularly in large storage tanks and reservoirs, where 
conditions are seldom such as to promote rapid accumula- 
tion of static charges from fnctional sources 

Protection of Oil Tanks and Reservoirs against 
Lightnmg and Static Electncity Hazards 
Knowledge of the character and behaviour of lightnmg 
and related phenomena suggests that protection of storage 
farms against direct lightning strokes may be secured by 
erecting conducting rods or towers m the vicmity to a suit- 
able height Protection against secondary or induced 
charges may be secured by completely enclosmg the oil in 
a steel tank equipped with a thoroughly bonded and well- 
grounded steel roof, or by a suitable network of wires 
above the reservou- or tank roof A modem well-con- 
structed and properly grounded steel tank with a nveted 
steel roof presents little or no electrical hazard, hence the 
various protecting devices are applied to large storage 
reservoirs and to tanks havmg wooden or composition or 
poorly bonded sheet-metal roofing 
Experimental tests conducted with miniature tanks and 
artificially developed electncal discharges comparable m 
mtensity with natural lightmng confirm the above reason- 
mg and show that a high degree of protection is secured 
by the means suggested Tests of this character in two 
different laboratories and by different investigators mdicate 
that if properly grounded conducUng rods or towers are 
erected in the vicinity of the oil storage containers, so that 
no portion of the contamer is more than from 2^ to 4 tunes 
the height of the rod or tower from its base, any electrical 
discharges ongmatmg m the atmosphere above will be con- 
ducted to the rods or towers and grounded without danger 
to the stored oil The actual ratio of rod hei^t to area 
protected is a function of the cloud height, or height of the 
source of the electncal discharge above the highest part 
of the contamer, but ranges between 2i and 4 for cloud 
heights prevalent during most thunderstorms Experunents 
also mthcate that while absolute protection is not assured, 
the hazard created through the development of mduced 
charges on tank and reservoir roofs is mmumzed by use 
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of a well-grounded wue network above the roof and by 
thorough bonduig and groundmg of all elements of the 
roof structure 

Another method of insurmg against fire hazards m stored 
oil, that is effective m preventing igmtion from electrical 
as well as other sources, is that of fillmg the vapour space 
of the tank or reservoir, above the oil surface, with inert, 
non-combusbble gas Boiler-plant flue gases, which con- 
tam chiefly nitrogen and carbon dioxide and very httle 
oxygen, are effectively used for this purpose Hydrocarbon 
vapours and gases may only bum or explode when oxygen 
IS available in suitable proportions to support combustion 
By dilutmg the hydrocarl»n vapours m the storage con- 
tamers with inert gases of the character mentioned, and 
with insufScient oxygen present to support combustion, the 
possibility of Are or explosion becomes very remote, even 
though electrical discharges may occur in the vicinity Fre- 
quent tests of tank vapours where this character of pro- 
tection IS applied indicate that it is a most effective means 
of prevenhng tank fires 

Types of Towers used in Lightning Protection 
FoUowmg several disastrous fires in which many rmlhons 
of barrels of oil were destroyed dunng electrical storms, 
California oil companies adopted a system of protection 
agamst the lightning hazard which involves the use of high 
towers and grounded wue networks 
The towers used are generally of hght latticed construc- 
tion, rangmg from 75 to 200 ft high and from 4 to 24 ft 
square at the base Latticed steel ‘poles’ of rectangular 
cross-section are sometimes used, or, in some instances, 
simple poles made up of pipe forms (see Figs 1 and 2) 
The upper portion of the tower usually terrmnates m a jomt 
of pipe supported m a vertical position and equipped at 
Its upper end with a pointed tip of copper or other con- 
ducting matenal The towers or poles rest on concrete 
foundations to which they are attached by foundation bolts 
embedded m the concrete It is unportant that the tower 
be well earthed This may be accomplished by connect- 
ing the tower at its base with pipes driven m the earth to 
permanently moist subsoil In some cases wells are sunk 
beneath the towers to permanent water-level and the towers 
are carefully bonded to the well casmgs which are set m 
metal lathe turnings or charcoal Often the towers are 
bonded to pipelines in the vicmity 
Frequently the towers are connected by wires or cables 
high above the ground, and these conneebng cables are 
earthed midway between towers by other connectmg 
cablrs that are bonded on pipelines buned m the earth 
One-eighth-inch flexible copper sash cord is convemently 
used for this purpose One company has employed a sys- 
tem in which each tower supports at its summit a cross 
bar, which m turn supports three hnes of a special barbed 
wire, strung from tower to tower (see Fig 3} 

The towers are arranged at suitable intervals about the 
edge of the reservoir or tankage area to be protected In 
accordance with the results of experimental studies pre- 
viously mentioned, the tower spacing is such that no part 
of the reservoir or tankage to be protected is more than 
2i to 4 times the height of the towers from the base of one 
of them Three towers or rods of suitable height may be 
converuently used to protect a tank or reservoir of normal 
proportions Elhpbcal reservoirs reqmre a greater number 
Where tanks are closely spaced, the ratio of the number of 
towers or rods to tanks may be less than 3 to 1 In order 
to reduce the hazard from side flashes at the base of a tower 


in the grounding of a hghtning discharge, the towers should 
be situated at least half the tower hei^t away from the 
side of the tank or reservoir If guy wires are used, it is 
desirable that they be short and attached as near the base 
of the tower or rod as possible 





Fio I Types of towers used for lightning protection 
about California oil storage reservoirs {fiy the courtesy 
of Mr K J Reed) 

Overhead Network Protection for Tanks 
and Reservoirs 

For protection against mduced charges on the roofs and 
other exposed parts of tanks and reservoirs, a well- 
grounded network of wires or wire mesh gives partial pro- 
tection Complete protection against seconttery ynrks 
from induced charges is secured by a complete metal roof 
the parts of which are well bonded with each other and 
with the metal sides For new construction, tanks are pre- 
ferably of the all-steel variety, and no special attention need 
be given to electrical protection, other than to make certam 
that the shell of the tank is suitably grounded and that all 
parts are properly bonded Only m cases where tanks or 
reservoirs are constructed with woodm or composition 
roofing will It be necessary to consider the necessity for 
electrical protection and the type of protection to be pro- 
vided A complete sheathmg of sheet metal will be innrfer- 
able,butmuchmoieexpensivethanawirenetworkprotection 
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which most authorities believe to be sufiScient to reduce the 
hazard to negligible proportions The efiiciency of a wire 
network m rapidly and effecbvely grounding induced 
charges depends upon the diameter and spacing of the 
wires, then height above the roof, and the cloud height 
Wire networks above tanks and reservoirs may take a 
vanety of different forms Poultry nettmg or welded wire 
mesh may be used, or a system of wires may be employed, 
the wue bemg supported either m parallel lines at short 
distances apart or in radiatuig hnes from a post at the roof 
peak to the eaves The latter is the so-called ‘umbrella 


Around the edge of the reservoir embankment, posts are 
erected about 12 ft high and 40 ft apart. A f-m stranded 
steel cable supported near the top of each pole extends 
completely around the reservoir To this the raduting or 
parallel wires above the reservoir roof are attached (see 
Figs 4, 5, 6, and 7) One or more guy wires attached to 
each post serves to strengthen the network system and also 
to ground the peripheral cable to a buried copper cable 
which surrounds the reservoir This, m turn, is bonded to 
all pipelines m the vicuuty The network system should 
extend well beyond the edge of the reservoir at all pomts. 




Fro 4 Sketches illustrabng two methods of supporting wire network lightning protection above oil storage reservoirs 
{By the courtesy ofMrRJ Reed) 


construction’ and is probably used more than any other 
In any case, the wire network should be supported at an 
elevation of several feet above the roof of the tank or 
reservoir In some instances where umbrella construction 
IS used on cylindrical tanks, the wires are attached to a 
smgle post 9 ft high at the peak of the roof, and radiate 
to galvanized iron brackets attached 15 ft apart around 
the eaves of the tank Supplementary wires connect across 
the wider spaces between the radiating wires near the run 
of the tank, so that at no pomt are the wires more than 
4 or 5 ft apiut No 12 galvanized wue is used A copper- 
wire cable around the periphery of the tank or reservou- 
above the eaves is electrify bonded to each of the 
radiatmg wires, and this penpheral cable is m turn 
grounded at a number of pomts around the cucumference, 
through the supporting guy cables, to a buned pipehne or 
copper wire or cable 

On the roofs of large reservoirs, auxiliary post supports 
for the radiating wires are provuM at suitable mtervab 


being carried out as much as 16 ft m some instances 
Some authonties consider it also advisable to ground the 
reinfoFcmg mesh m the concrete limng of the reservoir to 
the enciFcbng buned cable, but the necessity for domg this 
is somewhat questionable 

Economic Aspects of Electrical Protection of 
OQ Storage Farms 

Though electncal protection of od storage tanks and 
reservoirs is costly, it is considered worth the cost This is 
evidenced by the many different od compames that have 
adopted it m one form or another, and the large number 
of tanks and leservous that have received protection during 
recent years This develt^ment has been m no small part 
due to the activities of a specud committee of the American 
Petroleum Institute, whi^ has made an exhaustive study 
of the problem and given wide distnbution to its findings 
and recommendations 

Nearly ail of the large storage reservoirs m Cahfomia 
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a g gre gating upwards of 100 million barrels in storage capa- 
city, have been equipped with tower protection and many 
with roof network protection Modem all-steel tanks do 
not need electrical protection, but many hundreds of the 
older wooden-roof tanks m the Mid-Q>ntinent, Cahfomia, 
and Appalachian regions have been provided with roof 
network protection The necessity for this has been em- 
phasized repeatedly by tank and reservoir fires attending 
electrical storms, in which large quantities of oil and other 


property have been destroyed and hves lost In two storms, 
only a few weeks apart during the year 1926, upwards of 
8 imUion barrels of oil were lost together with the con- 
tamers m the filing of California storage reservoirs by 
atmospheric electricity. California operators have further 
reduced the hazard during recent years by storing the more 
volatile crudes m steel tankage, using concrete-lmed reser- 
voirs only for the storage of heavy crudes and ‘topped’ 
fuel oils of low volatiUty 
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PETROL FIRES IN RELATION TO AIRCRAFT 

By J. E. RAMSBOnOM, D.SC , Pb D. 

Royal Aircraft Establishment 


Petrol is the most dangerous substance present in quan- 
tity on aircraft and the problem of lessemng the fire risks 
attendant on its use has received considerable attention 
One method of attackmg the problem is to develop the 
use of a safer fuel 

Aviation petrol has a flash-point of about —50“ C If 
this could be replaced by a fuel havmg a flash-point above 
normal atmospheric temperature an appreciable measure 
of safety would be achieved Any mcrease in flash-point 
above this would still further lessen the fire risks 
It is true that under certain conditions high flash-point 
fuels are more readily ignited in contact with hot engine 
surfaces than petrol, but the intensity of the initial fire and 
the rapidity of its spread to the mam bulk of the fuel de- 
creases with mcrease m flash-point The use in petrol 
engines of so-called ‘safety* fuels havmg a flash-point of 
30° C to C has been proposed and tried to a limited 
extent, but a greater degree of safety is obtained with 
Diesel oil, and it is probable that any fire which arose from 
Its use could be extmgutshed without difficulty 
This fact has been a powerful incentive in the develop- 
ment of compression igmtion engines None of these 
alternative fuels has, however, been found to provide the 
eflScicncy demanded of a modem aircraft engine, and safety 
measures have, therefore, to be based on the acceptance of 
aviation petrol as the fuel in general use 
In view of this, the problem has therefore resolved itself 
mto 

(a) findmg the causes of aircraft fires, 

(b) devising methods of prevenUon, 

(c) extinguishmg fires before they have reached dan- 
gerous dimensions 

Causes of Aircraft Fires 

As regards the possible causes of aircraft fires much m- 
formation has been obtamed from mvesugations of 
numerous accidents and from experimental work related 
thereto 

Fires in the Air. 

Fires in the air are now comparatively rare They 
generally arise from ignibon of petrol released from a 
broken pipe or other failure m the supply system The 
source of igmbon may be a spark or short circuit m the 
electrical system, or ignition may be due to a fault m the 
mtake or exhaust system of the engine 

Fires on Crashing. 

Fires on crashing are more frequent and are generally 
of a more serious nature than fires in the air, due to the 
large amount of petrol which may be involved In the 
Umted States [5, 1936], 171 aircraft crash fires were 
reported m the period 1930-5, mvolving 3S7 fatahties It is 
stated that m a number of these fires the victims were m- 
jured m the crash and were trapped by the fire resulting 
from the crash Had it not been for the fire the ii\)ured 
persons might have been saved 
A number of hsts of possible causes of fires on crashmg 


have been published These include the direct ignition of 
the petrol by the electneal system, the exhaust system, and 
by materials other than petrol which have been igmted by 
coming into contact with hot metal 

Crash experiments at Wright Fields [4, 1928] with old 
aircraft appeared to indicate that electrical systems are a 
minor cause compared with exhaust systems 

The possibilities of ignition of petrol by hot exhaust 
pipes have been mvestigatcd by vanous observers [3, 1930] 
It has been shown that petrol spilt on to the outer surface of 
a hot exhaust pipe does not catch fire The petrol assumes 
the spheroidal state on contact with the hot metal and 
rapid evaporation occurs which causes local coolmg, so 
that the vapour never reaches the igniUon temperature 
before the whole of the liquid has disappeared 

Mineral oil under the same conditions was found to 
Ignite at 420° C 

Conditions more favourable to the ignition of petrol 
exist in the interior of an exhaust pipe and tests have been 
earned out to determine the minimum temperature at 
which petrol will ignite under these conditions The 
exhaust pipe of a Lion engine was allowed to attam a 
temperature of 500 to 600° C , and the engme then stopped. 
The burnt gases were cleared out and the pipe allowed to 
cool to a predetermined temperature A defimte amount of 
petrol was then introduced and observations made This 
procedure was continued at different temperatures with 
vanous quantities of petrol The lowest temperature for 
Ignition was found to be within the range 300 to 320° C 
with a time lag of from 5 to 7 sec In further tests in the 
laboratory under more controlled conditions, a minimum 
igmtion temperature of 280° C was obtained with a lag 
period of about 12 sec 

Usmg jacketed vessels it was found that petrol and air 
mixtures exploded after a lag penod of about 10 minutes 
at 235° C At higher temperatures the lag period was 
shorter, and at 350° C explosion occurred immediately 
the petrol was mtroduced It was concluded that risk of 
fire exists if petrol finds its way mto an exhaust pipe 
the temperature of which is above 280° C The nsk is 
apparently less for lubneating oil as its mimmum ignition 
temperature was found to be 50° C higher than that of 
petrol, but Diesel oil had a slightly lower ignition tempera- 
ture than petrol Igmtion of petrol and air mixtures by 
contact with the extenor surfaces of exhaust pipes may 
also conceivably occur at 280° C if the mixtures are trapped 
m enclosures surrounding the pipe under conditions 
similar to those existing in the interior of the pipe. Such 
enclosures may possibly be formed by collapse of aircraft 
structures in a crash 

If before a crash the igmtion is switched off and the 
engine then makes several revolutions before it is stopped 
by the crash, a slowly buimng mixture may remam m the 
exhaust pipe or possibly an unburnt mixture which may 
explode if the temperature is above 280° C In actual 
crashes it is sometimes found that there is a delay which 
may amount to several nunutes before fire breaks out This 
may possibly be explained by the lag period observed above 
whra Igmtion occurs at temperatures below 350° C 
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If the engine is still running when the aircraft strikes the 
ground the exhaust gases or a backfire through the car* 
burettor may igmte the petrol hberated from a burst tank or 
broken pipe 

Besides the direct igniuon of petrol by the exhaust. 
Ignition through the intervention of other inflammable 
substances may take place It has been shown that lubn* 
eating oil, fabric, umber, and dried grass will ignite m con- 
tact with hot exhaust pipes Some of the recorded igniUon 
temperatures are given below 

“C 


Dned grass 400 

Lubricating oil 420 

Fabric 460 

Timber S60 


Apart from the exhaust, fires may be caused by the 
electncal system which may be damaged m a crash and 
give nse to sparks and short circmts It is probable that 
this IS a less hkely cause of fires on crashmg than the 
exhaust system 

Methods of Prevention of Aircraft Fires 
There is no doubt that a considerable measure of safety 
from petrol fires can be obtamed by adopUng precauUonary 
measures m the design of the aircrafl [1, 1922] Fire-proof 
bulkheads of steel or asbestos faced with alummium, m- 
serted between the engine and the rest of the aircrafl, serve 
to localize any fire which may break out m the engine com- 
partment It IS desuable that carburettor mtakes should be 
placed outside the engme cowlmg away from exhaust pipes 
or when placed inside should be fitted with fiame traps and 
that the use of combusuble material m the engine com- 
partment should be avoided Other elementary precautions 
advocated are the drauung and ventilation of the cowlmg 
to prevent the collecUon of pools of petrol and to clear 
places where an explosive mixture might be formed, the 
avoiding of an accumulation of petrol from flooded jets, the 
use of a fireproof electrical system, the placing of petrol 
tanks as far away as possible from the engme, the fitting of 
electric leads away from petrol supply pipes and places 
where petrol vapour may be present, the arrangement of 
exhaust pipes to prevent exhaust gases from a defective 
manifold commg mto contact with petrol vapour, and the 
bonding of aircrafl for wireless mstallaUons 
Careful attention to design has m recent years reditced 
considerably the number of fires in the an It is suted that 
the fire prevention rules mtroduced by the French Air 
Mmistry [6, 1929] reduced the number of fires in the air 
from 8% of all accidents m 1926 to 3% m 1927 
The problem of preventing fires on crashing is much 
more d^ult [2, 1922] Some of the precautions advocated 
above will undoubtedly assist in this direcuon 
As the exhaust system may be responsible for the 
m^onty of fires on crashing it is desirable that the tem- 
perature of the exhaust pipe should be kept as low as pos- 
sible and that the pipe ^ould have the maximum possible 
rate of cooling Additional safety would be obtamed if a 
fire-extinguishmg hquid was uyected mto the engme mUke 
and exhaust pipe and the latter as well as dangerous parts 
of the electncal system sprayed with the fire-exbnguishmg 
liqmd at the moment of crashing 
Impact devices have been designed which operate along 
the longitudinal axis of an aircrafl and function under a 
deoelerauon greater than 4g along this axis As no air 
manauvre is known which will produce an acceleration 


along this axis greater than 3 Sg, these devices will only 
operate automaUcally on crashmg 

They can be arranged to shut off the petrol, cut off the 
engme ignition, and release a supply of fire-extinguishmg 
hquid to any desired part of the aircrafl They can also 
be actuated at any tune by the pilot as a precautionary 
measure before a forced landing 

To remove the danger due to the bursting of tanks, 
much inquiry has been duveted to the subject of crash- 
proof tanks and many tests have been earned out In 1921 
the BnushAir Minis^arranged a safety-tank compeUUon, 
and a number of designs were submit!^ The tanks were 
tested by fitting them behmd concrete blocks the shape and 
size of an engine and droppmg them from a height of 90 fl 
at an angle of 45° None of the designs vras, however, 
adopted 

The problem of safety-tank design is to obtam crash 
proofness with little sacrifice of fuel capacity and also to 
make tanks of the shape leqmred by the aircrafl designer 
So far, the development has not reached a stage when it 
can be brought mto general use 

Extinction of Aircraft Fires 
Fire-extinguishing Media. 

In dealing with petrol fires on aircraft the followmg 
extinguishing media are in general use 
Carbon tetrachloride 
Methyl bromide 
Carbon dioxide 
Foam 

Carbon tetrachloride, bp 76-77° C, was the first of 
these extmguishmg media to find an extended use on air- 
craft It acts by formmg a blanket of non-combusUble 
gas The vapour having a high density, 5^ times that of air, 
IS able to mamtam a veiy effective air shield over the petrol 
for a sufficient period to arrest combustion Carbon 
tetrachloride readily vaponzes m contact with hot surfaces, 
and the accompanymg coolmg assists to a small extent fire 
extmction It is most effective when applied from a jet in 
a highly atomized condiUon 

Methyl bromide, bp 4 5° C , acts m a similar way to 
carbon tetracblonde Its vapour has a density two-thirds 
that of carbon tetrachloride and is formed more rapidly 
Owmg to Its high vapour-pressure methyl bromide is 
mixed with 20% of pentachlorethane for use on aircrafl 
fires Methyl bromide is best applied in the form of a 
sohdjet 

As regards the relative effecuveness of carbon tetra- 
chloride and methyl bromide, tests earned out on burning 
petrol m trays fitted with baffles showed that if the ex- 
tinguishing fluids were apphed soon after the fire had 
started, apprmumately 3 to 4 tunes as much carbon tetra- 
chloride as methyl bromide was required to obtam .com- 
plete extinction, but if the bummg was allowed to contmue 
unul the metal bed|^e very hot, the difference m the 
quantiues of the flmds required for extmction was 
negligible 

The vapours of both these fluids are toxic and they give 
rise to toxic decomposition products 

Carbon dioxide is supplied m liquid form m steel cylm- 
ders at a pressure of 50 atm. On ejecUon of the hquid, 
reduebon m temperature takes place and a spray of gaseous 
and solid carbon dioxide snow is obtamed. Its fire- 
extmguishmg action depends upon reduemg the oxygen 
content of the air and on its cooling action. It has 
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advantages over carbon tetrachloride and methyl bromide 
m being odourless, non-toxic, and cheap, but on a weight 
basis It IS less effective for aircraft fires 

Foam IS produced by mixing aqueous solutions of 
alummium sulphate and sodium bicarbonate m presence of 
sapomne or it may be obtamed by the mechanical agitation 
of air and water m presence of soap or sapomne Its 
action IS to form a blanket over the burning material, thus 
shutting out the air To get complete extmchon of petrol 
It is essential that the whole of the burning surface should 
be covered with the foam For fires m the air it is less 
effective than the other three 

Extinction of Fire in the Air. 

Normally every aircraft carries one or more fire ex- 
tmgmshers These are now generally of the methyl bromide 
or carbon dioxide type As the effectiveness of fire ex- 
tinguishers depends on the rapidity with which they can 
be brought into action, attention has been directed in 
recent years to the development of the automatic type of 
extinguisher This consists essentially of a sealed vessel 
containing the fire extinguishing liquid under pressure, 
connected to a number of distributing pipes situated m the 
engine compartment The liquid is released on the out- 
break of fire by the action of detectors placed at the most 
effective positions 

Tests have shown that by careful arrangement of the 
distributing pipes and the detectors, a fire from petrol 
flowmg at the rate of 3 gallons per minute over an engine 
can be extinguished by 3 pints of methyl bromide The 
weight of the complete installation need not exceed IS lb 

Success with this type of extinguisher can only be 
achieved by making the delivery of extinguishing fluid so 
rapid that the fire is extinguished m its early stages 

In the absence of an eflective fire extinguisher many fires 
in the air have been extinguished by shutting off the petrol 
and side slipping the aircraft 

Extinction of Crash Fires. 

If the crash is a severe one the petrol tank may be 
smashed and large volumes of petrol instantly liberated 
The mertia forces on the petrol may give nse to a large 
cloud of fine spray If ignition takes place, the whole of the 
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aircraft is at once enveloped m flame and the possibihty of 
rescuing the occupants is almost hopeless 
In a less severe crash, however, the damage to the petrol 
system may only amount to the breakmg of pipes or the 
development of small leaks m the tank, m which case if 
a fire breaks out its development may be slow m its early 
stages If a fire-extmgiushing appliance can be rapidly 
brought into action, the fine, even if it cannot be completely 
extinguished, may be partly subdued or prevented from 
reaching overwhelming dimensions, and rescue work may 
then proceed with safety, espeaally if the rescuers are 
provided with asbestos suits The extmguishing media 
used in crash fires are foam and carbon dioxide A foam 
producing equipment may consist of cyhnders of 30 gallons 
or more capacity containing one of the components An 
inner chamber is fitted into each cylinder containmg the 
other component In action the solutions are mixed and 
the foam is forced through a hose and projected from a 
suitable nozzle Carbon dioxide is usually supphed m 
(flinders each containmg SO lb of liquid A tender equip- 
ment may contain nine such cyhnders in sets of three each 
being connected to a hose and discharge horn 
Comparative tests on foam and carbon dioxide have 
shown that the latter is much more rapid in action Under 
favourable conditions relatively large fires have been 
exbnguished by 80 lb of carbon dioxide in about 1 minute 
The action of foam is slow, smcc it is necessary to form a 
complete blanket over the burning petrol It is, therefore, 
difficult to completely extinguish a crash fire, particularly 
if petrol IS still flowing from pipes and tanks 
An important difference between carbon dioxide and 
foam IS that with the former, unless the fire is quickly put 
out, flames may flash back — due to the rapid dispersion of 
the carbon dioxide — to areas of petrol previously extin- 
guished This constitutes a danger to operators The 
fire may also quickly regain its original intensity if the 
application of the carbon dioxide is stopped and a small 
hidden flame has been left In the case of foam, however, 
a relatively permanent blanket is formed which prevents 
serious flash-backs It has been found that using carbon 
dioxide in conjunction with foam a greater success m 
dealing with crash fires can be obtained than is possible 
with either alone 
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